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Abstract

Analysis of ground-based Fourier transform infrared (FTIR) measurements of the solar

radiation transmitted through the atmosphere is an established method for deducing to
column amounts and vertical distributions of trace gases in the atmosphere. Such mea-

surements contribute valuable information to the understanding of changes in the eart
atmosphere.

In the analysis of these spectra it is usually assumed that the spectrometer is perfec

and that the spectrometer line shape function, also known as the instrument line shape
(ILS) function, is ideal. In many cases the ILS function is not ideal and the effects
non-ideal ILS on the analysis of spectra has not been firmly established.
In this thesis, a Fourier deconvolution method is developed to measure the instru-

ment line shape function. The ILS retrieval technique is validated and compared with a
different and independently developed method. The stability of the ILS over time, the

transferability of the ILS to different spectral regions, and the constancy of the IL
changes in measurement conditions are investigated.

Synthetic spectra are used to investigate the effects of non-ideal instrument line sh
on the analysis of spectra. A few cases are studied in depth and it is demonstrated
that using a measured ILS function can improve the retrieved total column amounts and

vertical distributions (volume mixing ratio profiles or VMR profiles). Ozone VMR prof
retrievals are then performed on measured spectra and the results compared with data
obtained by ozone sonde. The result is an improvement in the retrieved ozone VMR
profiles, which demonstrates the value of measuring ILS functions and employing them
in the analysis of ground-based solar FTIR measurements.
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Chapter 1
GENERAL INTRODUCTION

Analysis of the composition of the atmosphere is essential to developing our under-

standing of the chemistry of the atmosphere, understanding the effects of human activ

on the atmosphere, and in appraising the efficacy of measures implemented in an attem

to control or limit the effects of human activity on the atmosphere. Of particular in

is the study of ozone and its chemistry since ozone is the only atmospheric gas which

acts as an effective filter to block harmful solar ultraviolet radiation in the wavel
region from about 240nm to 3 lOnm [Wayne, 1991]. Over the years the instruments, measurement techniques, and analysis methods have developed substantially. With regards

to monitoring different chemical species in the atmosphere, Fourier transform infrare
(FTIR) spectroscopy is a powerful and well-established tool, with measurements dating

back about 30 years (see for example Farmer [1974]). This technique was originally use
to deduce the total amount of gases in the atmosphere above the measurement station,

but with the development of high-resolution spectrometers and the realisation that so

information on the vertical distribution of gases in the atmosphere is contained in t

spectra, techniques have since been developed to exploit this information [Rinsland e
1998; Pougatchev and Rinsland, 1995; Pougatchev et al, 1995,1996].
Unfortunately, in developing measurement techniques and methods of analysis the

spectrometer had always been assumed to behave in an ideal fashion. This assumption is

generally acceptable for low-resolution instruments but the high-resolution instrument
commonly used for ground-based solar/FTIR measurements are very sensitive to mechanical imperfections and small misalignments of optical elements in the system. As
a result, spectra measured with high-resolution FTIR spectrometers are often distorted

and this distortion may have adverse effects on the results of any analysis. In view of

this, there is a compelling need to develop methods for determining the actual instrume

line shape function of a spectrometer and to study the effects of non-ideal instrument
shapes on the analysis of spectra.

1.1 Definitions

The interferogram and the spectrum

A Fourier transform spectrometer records information as a function of an optical path
difference (x) rather than a function of wavenumber (a). The recorded information

constitutes an interferogram. The Fourier transform is applied to the interferogram, tr

lating information from a function of optical path difference to a function of wavenum
which is the spectrum.
Spectra are measured at a finite resolution; for FTIR spectroscopy in general, and for

the whole of this work, the definition of resolution used is the reciprocal of the maxi
optical path difference. This will be discussed in more detail in Chapter 2.
Interferograms and spectra are real functions but manipulating these functions with
the aid of Fourier transforms invariably involves complex arithmetic. It is convenient
to treat interferograms and spectra as complex functions whose imaginary coefficients
are all zero because doing so eliminates the need to switch between real and complex

2

arithmetic while manipulating equations. For the purposes of this work it will always be

assumed that a Fourier transform is being performed on a complex function and that the

result is also a complex function. In any Fourier transform spectrometer the interfero

gram is a real function which is slightly asymmetric about the point of zero optical p
difference. The Fourier transform of the interferogram would yield a spectrum with a

and a complex part. In practice, the methods described by Forman et al. [1966] and Mer

[1967] are used to calculate a complex function which is multiplied by the interferog

the resulting function is then Fourier transformed to yield a spectrum which is a real
function.
A complex function has a magnitude component and a phase component. If f(x) =

a(x)+ib(x) then the magnitude function (also referred to as amplitude) is \Ja{x)2 + b(
and the phase function is axctan[b(x)/a(x)].
The Fourier transform of a function g(x) will be represented as F(g(x)). An inverse

function of the Fourier transform exists [Bracewell, 1986]; if this inverse function i

performed on the spectrum, the resulting function will be the complex interferogram. I
the spectrum is g(x) then g(x) = F'^Figix))], where F-1 denotes the inverse Fourier
transform.
The spectrum measured by a Fourier transform spectrometer is an intensity spectrum

and it represents the intensity of light as measured at the detector. The word spectru

is commonly used in a variety of ways and may refer to intensity spectra, transmittanc
spectra, and absorbance spectra.

Transmittance (T) is defined as the ratio of the radiant power transmitted by a sample

to the radiant power incident on the sample [Spectroscopic Nomenclature, 1973]. Apply-

ing this definition to spectra, a transmittance spectrum T(a) is the ratio of an inte

3

spectrum with the sample in the optical path {sample spectrum) to an intensity spectrum
with no sample in the path {reference spectrum).
Absorbance, as used in this work, is the natural logarithm of the reciprocal of the
transmittance: A = ln(l/T).
The optical density, r, is a physical property of molecules and it is closely related

to absorbance. Specifically, the absorbance as measured with an instrument of infinite
resolution would be equivalent to the optical density.
The FflTRAN database [Rothman et al, 1987,1992,1998] contains spectroscopic
parameters for various gases, including most of the atmospheric trace gas species of

interest. Among the spectroscopic parameters is the integrated line strength of spectr

lines. Assuming only a single line in the spectrum, the integrated line strength can b

expressed in terms of optical density r(cr), number density of the absorber pa, and pat
length through the sample /:

. /r(a)da ,, _
Integrated lme strength = — ;
Ipa

(1.1)

An ideal infinite resolution synthetic absorbance spectrum can be calculated from the
HITRAN line parameters and this forms the basis for the analysis of solar FTIR

spectra; the synthesis of spectra from line parameters will be discussed in more detai
in Section 1.5.

Convolution
Convolution is a process which occurs by nature in many physical phenomena including
the measurement of spectra, whether the measurement is done by a Fourier transform
spectrometer or a grating spectrometer. In mathematical terms, the convolution of two
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functions f(x) and g(x) is defined as [Bracewell, 1986]:
/+oo

f(v)g(x-v)dv

(1.2)

-oo

The symbol (§) is used here to denote convolution. Convolution has the property of
commutativity [Bracewell, 1986], f(x) <g) g(x) = g{x) ® f{x), which is a property
extensively exploited in this work.

Numeric evaluation of Equation 1.2 is not computationally efficient but a more ef-

ficient method exists for performing convolutions. The convolution theorem of Four

transforms states that the convolution of two functions in one domain is equivalen

the inverse Fourier transform of the product of the functions in the transform dom
[Bracewell, 1986]:
f{x) ® g(x) = F'1 [F(f(x))F(g(x))} (1.3)
For most situations, performing the convolution in the transform domain is much
more efficient than performing a numeric evaluation of Equation 1.2.

1.2 Structure and composition of the atmosphere

The earth's atmosphere is the gaseous envelope surrounding our planet which extend

from the surface of the planet through to an altitude of about 400km [Wayne, 1991].

This gaseous envelope consists primarily [Graedel, 1978] of molecular nitrogen (N2,
78%), molecular oxygen (02, 21%), and argon (Ar, 0.9%), with the remaining 0.1%

being made up by the noble gases He, Ne, Kr, Xe, Rn, and other trace gases such as
H20, C02, CH4, 03, and CO to name but a few. The atmosphere is not a homogenous

body with regards to pressure, temperature, or distribution of the trace gases. Pre

decreases exponentially with altitude, temperature varies with altitude, and trace

concentrations vary considerably depending on the sources, chemical reactions, phys
5

removal processes, and means of transport through the atmosphere. The atmosphere

also contains clouds and aerosols, small particles in suspension ranging in diamete

about 100/rni to less than 0.1 ^m which also participate in the chemistry and radia
balance of the atmosphere [Wayne, 1991].

Pressure

The definition of pressure is force excerted per unit area; one readily derived uni
force is the Pascal (Pa) which is equivalent to INm-2 (1 Newton per square metre).

However, although the Pascal is a convenient unit to use when manipulating equations,
actual pressure measurements are often made in millibars (mb) or hectopascals (hPa),
where lmb=100Pa=ThPa. In the laboratory, pressure may also be measured in torr; the
mean surface pressure of 1013.25mb is equivalent to 760 torr. The incremental change

in pressure, dP, due to a column of air at altitude z with height dz, number densit
and gravitational acceleration g(z) is:

dP=-g{z)p(z)dz (1.4)

Using the ideal gas law, p(z) can be calculated using the mean molecular mass of the
atmosphere ma, the pressure P{z), and the temperature T(z):

maP{z)

p{z)

= law>

(L5)

where k is the Boltzmann constant 1.3807 x 10-23JK-1 [Weast, 1976]. N2 and 02 mixing
ratios are more or less 0.78 and 0.21 throughout the first 100km of the atmosphere,
ing the mean molecular mass of the atmosphere a constant 4.78 x 10-26kg-molecule-1.
Substituting Equation 1.5 into Equation 1.4 and integrating yields:
Pzl rxl mag(z)dz

ln

Ko=~L -¥TW>

6

(L6)

where zO and z\ are the lower and upper altitude limits. Given that gravitational acceler-

ation varies in inverse proportion to the distance from the centre of mass and that a
level this distance is approximately 6371km [Weast, 1976], g(z) will be about 3% lower
at 100km and about 12% lower at 400km in comparison to the mean value of 9.81ms-2

[Weast, 1976] at sea level; however, for a rough approximation, the gravitational acce
ation can be taken to be constant and having the mean value at sea level.
At sea level {zO = 0km), and given the surface pressure P0, Equation 1.6 can be used
to calculate the pressure P at any altitude z:

Equation 1.7 shows that pressure decreases exponentially with altitude, with slight mo

ifications to the rate of pressure change due to variations in temperature. If a const
temperature is assumed, Equation 1.7 can be written as P = PQe~z/H where H is the

scale height and is equal to —mag/{kT). As a rough guide to the exponential decrease in
pressure, assume a constant temperature and hence a constant scale height H; for every

increase in altitude by H, the pressure is reduced by a factor of 1/e. In practice, al
is often derived from the measured pressure.

Figure 1.1 shows a plot of pressure as a function of altitude to illustrate the expon
decrease in pressure. The data for the figure were taken from US Standard Atmosphere

[1976]. A list of pressures and corresponding altitudes is known as a pressure profile.

Temperature

The earth's atmosphere is divided vertically into five regions based on the change in
temperature with altitude. The lowest region is the troposphere, which extends from

ground level or sea level up to an altitude of 10 to 17km depending on latitude and se
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Figure 1.1: Pressure decreases exponentially with altitude. Data are from US Standard
Atmosphere [1976].

In this region of the atmosphere the change in temperature with altitude is determined

chiefly by adiabatic cooling and is about -6.5K per km increase in altitude [Wayne, 199

Convection readily occurs, ensuring strong vertical mixing of trace gases in this regi

with molecules being able to traverse the vertical extent of the troposphere in a matt
of a few days or a few minutes, depending on the prevailing meteorological conditions
[Finlayson-Pitts and Pitts Jr., 1986].
The troposphere ends at the tropopause, which is the boundary between the tropo-

sphere and the stratosphere. The stratosphere is about 30 to 40km thick and is charac-

terised by an increase in temperature with an increase in height. The increasing tempe

ture is due to the absorption of solar energy due mainly to the ozone in the stratosph

Due to the increase in temperature with altitude, convection does not readily occur si

rising packet of air will cool and become more dense than the surrounding air and ther
prevent any large vertical movement.
8

The upper boundary of the stratosphere is the stratopause and above this is the mesosphere. In the mesosphere, radiative cooling exceeds the heating due to the absorption
of solar energy and the temperature again decreases with increasing altitude. The temperature gradient is larger than the gradient which would be expected due to adiabatic
expansion and thus convection does not readily occur [Wayne, 1991]. Vertical mixing is
mainly through diffusion. The mesosphere is about 40km thick and it terminates above
at the mesopause.
Above the mesopause is the thermosphere. In this region the temperature once again

increases with altitude. Oxygen and nitrogen absorb short wavelength solar radiation and
are photoionised or photodissociated and are unable to efficiently re-emit the absorbed
energy [Wayne, 1991]. In addition to this, energy is not efficiently redistributed by

collisions due to the very low pressures. The result is an overall increase in temperatu
with increasing altitude.
At an altitude range from 400 to 500km, e-1 of the particles in the atmosphere can

travel away from the earth unhindered if they have sufficient velocity [Wayne, 1991]; the

altitude region beyond this is called the exosphere and it is the outermost region of the
earth's atmosphere.
Figure 1.2 shows a plot of temperature as a function of altitude, also known as a

temperature profile, showing the different regions in the range from 0 to 100km altitude
the data are from US Standard Atmosphere [1976].

Gas mixing ratios and total column amounts

Gas mole fractions, also known as mixing ratios, volume mixing ratios, or VMRs, vary
throughout the atmosphere and are dependent on sources, loss processes, and transport
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Figure 1.2: M e a n temperature profile, US Standard Atmosphere [1976].

throughout the atmosphere. Species with relatively small loss processes last longer in
the atmosphere and become well-mixed by winds, convection, and diffusion processes.
Examples of such gases are N 2 , 0 2 , and C 0 2 which have a more or less constant mixing
ratios throughout the entire atmosphere. Most gases have m u c h greater variability with
altitude and geographical location, due to the variation of loss and production processes
throughout the atmosphere. A list of altitudes with corresponding trace gas V M R is
k n o w n as a trace gas VMR profile. Figure 1.3 shows examples of trace gas V M R profiles
to illustrate their variety. The source of data for thefigurewas the REFMOD95

file as

distributed by Curtis Rinsland of the N A S A Langley Research Center (LaRC).
The total column amount of a trace gas, also known as integrated column amount is
the integral of the number density of the gas in a vertical column from the ground to the
upper boundary of the atmosphere:

Total column amount = / N{z)p{z) dz,

(1.8)
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Figure 1.3: Volume Mixing Ratio Profiles for various atmospheric gases. Source for the
file as provided by Curtis Rinsland ( N A S A L a R C ) .
data is the REFMOD95

where N(z) is the V M R for a particular gas and p(z) is the air number density at altitude
z. The total column amount is usually expressed as molecules cm-2.

1.3 Outline of ozone chemistry

1.3.1 Chapman reactions and catalytic cycles

The beginnings of the study of stratospheric ozone chemistry can be traced back to Ch
man [1930] who proposed a set of chemical and photochemical reactions involving 0,03,

and 02 which were then believed to adequately account for the observed distribution of

ozone in the stratosphere. The reactions proposed by Chapman are referred to as oxyge
only reactions; these reactions are the following:

02 + hu

0 + 02 + M

-> O + O

-• 0 3 + M

(1.9)
(1.10)
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03 + hv

-> 0 + 0 2

(1.11)

0 + 03 -• 202 (1.12)
20 + M -> 02 + M (1.13)

The entity "M" is any third body which assists in the reaction but which is not c

this third body may be providing a reaction substrate or may simply be transferr

between itself and the reactants. Reactions 1.9 and 1.10 result in ozone producti

reactions 1.10 and 1.11 form a cycle in which O and 03 are interconverted with no

ozone loss. Reactions 1.12 and 1.13 lead to ozone loss, but Reaction 1.13 has bee

to be too slow to contribute significantly to the depletion of atomic oxygen [Sch

Chapman's oxygen only reactions for the formation and destruction of stratospher

ozone was widely accepted for at least two decades until it was realised that th

reactions over-estimated the amount of ozone in the stratosphere. In 1950 Bates a

Nicolet proposed an additional loss reaction for ozone which involved a catalyti

with OH and H02 [Bates and Nicolet, 1950]; the "HOx" family of reactions. Catalytic
cycles for ozone destruction have the following general reactions:

X + 03 -»• XO + 02
XO + O -> X + Q2
Net reaction: 03 + O -»• 202

X + 03^XO + 02
XO + Q3 ->• X + 2Q2
Net reaction: 03 + 03 —> 302

The entity "X" is the catalyst and for the most significant ozone depleting react

these catalysts are H or OH for the "HOx" cycles, NO for the "NO*" cycle, and CI o
12

C I O for the " C 1 0 x " cycles [Crutzen, 1970; Stolarski and Cicerone, 1974; Molina and
Rowland, 1974]. Numerous other reactions occur which contribute to ozone loss but
these are generally minor, though not necessarily insignificant, processes. The "NO*"

family of reactions is the main loss process for ozone in the stratosphere at most la
and altitudes.

In addition to identifying C10x as a catalyst participating in ozone depletion, Stolar

and Cicerone [1974] also correctly conjectured that heterogeneous reactions and inter
tions with other chemical species such as the NOx family could play an important role
in ozone chemistry. Reactions which link one family of reactions to another are known

as coupling reactions. These coupling reactions are important in that linking differe

chemical cycles affects the efficiency of the cycles; some cycles may be inhibited whi
others may be enhanced, depending on the prevailing conditions.
The following are examples of reactions which link the HOx/NOa; and NOx/C10a;
families of reactions:
HOx/NOx coupling

H02 + NO -> OH + N02 (1.14)
NOx/ClOx coupling

N0 + C10^C1 + N02 (1.15)

1.3.2 Sources and reservoirs of reactive species

The reactive species HO*, NO^, and ClO^ all have precursors in the stratosphere. These

precursors are classified as sources and reservoirs. A source is a chemical species w

undergoes an irreversible reaction to form one of the reactive species involved in oz
destruction. A reservoir species undergoes reactions to produce reactive species but
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reservoir species is replenished by other chemical reactions in the stratosphere. For

example, CFCs are a source of the reactive species C10x while HC1 is a

C10x. Reservoir species act as a temporary, inactive, storage mechanis
species.
The primary sources of HOx, NOx, and C10x in the stratosphere are:
H0X:

0( 1 D) + C H 4 -> O H + C H 3

0(1D) + H20 -• 20H
NOx: N20 + hv -> N2 + 0(1D)
N20 + 0(1D) -• 2NO
C10x: Photolysis of CFCs, Eg:
CFC13 + hv -> CFC12 + CI
CF2C12 + hv -» CF2C1 + CI
The reactions involved with the formation of reservoir species, and their subsequent
reaction to release reactive species are as follows:
NOx reservoirs: HN03: OH + N02 + M -> HN03 + M
HN03 + hv -> OH + N02
C10N02: CIO + N02 + M -• C10N02 + M
ClONOa + hv -+ CIO + N02
C10N02 + heat -> CIO + N02
ClOx reservoirs: HC1: CH4 + CI -> CH3 + HC1

HC1 + OH

-H.

H20 + CI

C10N02: CIO + N02 + M -»• C10N02 + M
C10N02 + /H/ -> CIO + N02
C10N02 + heat -> CIO + N02
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1.3.3 The ongoing need to monitor species involved in ozone chemistry

It has long been realised that the release of CFCs may have adverse effects on the ozo
layer [Molina and Rowland, 1974; Crutzen, 1974a; Crutzen, 191 Ah; Crutzen et al,
1978] but the long-term trend in ozone concentrations was difficult to assess at the

mainly because of the small magnitude of the trend in comparison with natural variabi
Other problems encountered include the scarcity of data, data quality, the length and

continuity of records, and geographic coverage. High quality long-term records are th

key to identifying changes in the atmosphere and contributing to the understanding of
chemistry of the atmosphere. Careful measurements of total ozone amounts since 1957

in Halley Bay, Antarctica, led to the discovery of the "Antarctic ozone hole" phenome

[Farman et al, 1985]. Careful planning and measurement have since led to the detection
of a similar phenomenon in the Arctic (see, for example Newman et al. [1997]).
Continuous measurements over the years and the near-global coverage by satellites

have made it possible to make better estimates of the long-term trend in ozone, with t

current estimate in ozone depletion on a global scale being of the order of 3 or 4% pe
decade [Ennis, 1995]. Ongoing measurements will be necessary to detect changes in

the stratosphere over time and to assess the efficacy of policies and regulations aim
protecting the stratosphere.

1.4 Techniques and Instrumentation for Probing Stratospheric Composition

1.4.1 In-situ vs Remote Sensing

Techniques used in the analysis of trace gas species in the atmosphere can be subdivi
into in-situ methods and remote sensing methods.
In-situ methods may involve direct measurements by devices or gas sampling for later
15

analysis in a laboratory. A n example of a direct measurement would be the measurement
of ozone concentration by an electrochemical cell ozone sonde. The chief disadvantage
of in-situ measurements is that it is difficult to cover a large region.
Remote sensing techniques permit the measurement of trace gases at a distance, thus
eliminating the need for sampling or transporting the measurement device to the point
at which it is desired to make a measurement. The techniques employed are invariably

radiometric or spectrophotometric techniques and fall under the classification of acti

passive depending on whether or not they provide a radiation source for the measurement
Remote sensing instruments have been deployed by a variety of means; some are ground-

based while others are carried on balloons, rockets, aircraft, satellites, and the U.S.
shuttles. Remote sensing measurements complement in-situ measurements by providing
information which is difficult, if not impossible, to obtain using in-situ techniques.

1.4.2 Space-based Sensors

Table 1.1 lists some space-based instruments which have been used to measure atmospheric composition. Instrumental techniques employed include spectral backscatter,

microwave emission radiometry, ultraviolet and visible spectrometry, infrared emission
broadband spectrometry and gas-correlation spectrometry, and FTIR spectrometry. Observation geometries include nadir-viewing and limb-viewing, with some of the limbviewing instruments operating in the solar occultation mode. Nadir-viewing instruments

have some limited profiling abilities. Limb-viewing instruments generally have very go

profiling abilities for two reasons: a) most of the gases contributing to the measurem
are within the layer of the atmosphere at the altitude tangent to the observation and
instruments can make measurements at various tangent altitudes and an onion-peeling
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Table 1.1: Examples of some space-based remote sensors which employ various
measurement techniques.
Instrument

Technique

Geometry

Species

SBUV

U V backscatter

Nadir

03

SAGE

transmission

solar occultation

03, N 0 2 , H 2 0

HALOE

broadband absorption solar occultation
+ gas correlation radiometry

C 0 2 , H 2 0 , N 0 2 , 03,
C H 4 , HC1, N O , H F

MLS

microwave emission

limb

03

CLAES

broadband IR emission

limb

ATMOS

FTTR (transmission)

solar occultation

03, H 2 0 , CH4, N 2 0 ,
N02, N205, HN03,
C 1 0 N 0 2 , HC1, CFC11,CFC-12
> 4 0 trace gas species

algorithm used to derive the trace gas VMR profile from the set of measurements.

Due to payload restrictions and various other considerations in the design of sa

based instruments, satellite-borne sensors often measure only a few trace gas spe

Of the satellite instruments in Table 1.1, HALOE (Halogen Occultation Experiment

CLAES (Cryogenic Limb Array Etalon Spectrometer) measure the widest range of trac

gas species. (However, HALOE and CLAES have relatively short lifetimes as compare
to SBUV.) The ATMOS (Atmospheric Trace Molecule Spectroscopy) instrument is a

shuttle-borne FTTR spectrometer which had been used to study over 30 trace gas s

For more information on various space-based sensors, see Grant [1989] and McElroy
and McNeal [1991].

1.4.3 Ground-based sensors

Table 1.2 lists some ground-based techniques used to probe atmospheric compositi
brief description of each technique and a discussion of its abilities follows.

LIDAR systems are active sensors employing lasers and typically are built to mea

17

Table 1.2: Examples of some ground-based remote sensors.
Instrument

Target

LIDAR

P,T, 0 3 profile, aerosol profiles, various specific chemical targets

Microwave

T, H 2 0 , 0 3 , C I O

UV-Vis

03, N 0 2 , C102, OBr

FTIR

> 2 7 chemical species

a single quantity. LIDARs consist of a transmitter and a receiver, with the transmitter

being a laser and the receiver being a telescope with light detectors and signal recor
equipment. The method of distance measurement depends on the specific configuration of

the system; distance is either calculated based on geometry or calculated from measure
time delays between the transmission of a laser pulse to the detection of a signal. For
the detection of ozone in particular, the "Differential Absorption Lidar" (DIAL) tech-

nique is used; light scattered from along the path of the laser and differential atten
of two appropriate laser frequencies provides a quantitative measurement of the target
species. LIDARs have excellent profiling ability but their use is often restricted to

observations because ambient background light levels during the day make it difficult,

not impossible, to measure the scattered laser signal. LIDAR operation is also restric
by clouds because they severly attenuate any signal passing through and hence degrade
the signal-to-noise ratio of the measurement. For a more comprehensive introduction to
LIDARs see Measures [1984,1998].
Microwave radiometers are passive instruments which measure the emission spectra

of atmospheric trace gases [Connor et al, 1995; Pougatchev et al, 1996]. Due to pressur
dependence of emission line widths, these emission spectra contain information on the
VMR profile of the target gas. A chief limitation of a microwave radiometer is that it

scans over a relatively narrow frequency range; this limits an instrument to detecting
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single trace gas and also limits the ability of the instrument to infer V M R information at

low altitudes since the line widths of species at low altitudes are usually much broa
than the range of frequencies scanned by the radiometer. Microwave radiometers can

operate at any time of night or day and are also less sensitive to cloud cover than o
ground-based remote sensing techniques.
Ultraviolet and visible spectrometers can measure total column amounts of some

trace gases based on absorption features in the spectra. For example, the Dobson ozone
photometer [Dobson, 1968] is a prism-based spectrophotometer from which ozone concentrations can be inferred by measuring the relative intensities of light at several
lengths. Some very limited profiling can be achieved based on light scattering in the
atmosphere and the geometry of the observation (the Umkehr method) [Dobson, 1968].
The Dobson ozone photometer and similar instruments such as the Brewer spectrometer
are the standards for total column ozone measurements [Grant, 1989].
Of the ground-based remote sensing methods, FTIR spectroscopy is one of the most
robust techniques; with respect to other ground-based remote sensing techniques, FTIR
spectroscopy encompasses the broadest range of measurable trace gas species. The two
most abundant atmospheric gases, N2 and 02, make up about 99% of the atmosphere but

they are largely transparent in the infra-red and hence do not overwhelm the absorpti
spectra of the atmospheric trace gases. Most atmospheric trace gases exhibit spectral

features in the infrared between 600 and 5000cm"1 and due to the long paths through th

atmosphere, many of these trace gases can be identified and quantified from atmospheri

absorption spectra. This makes FTIR spectroscopy useful for monitoring the total colum

amounts of a large number of trace gases. In addition to total column amounts, there i

some information on the vertical distribution of trace gases contained in the shape o
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Table 1.3: Pros and Cons of Satellite and Ground-based sensors for monitoring the
stratosphere.
Sensor

Pros

Satellite

«good spatial resolution (mea- •sensor degradation
surements over a large range of . p o o r t e m p o r a l c o v e r a g e
latitudes and longitudes)
single region
• good vertical profiling capability

Ground

Cons

of

. m a i n t e n a n C e not feasible

• minimal dependence on surface
weather conditions
«good temporal resolution (many •dependence on weather condimeasurements at the same posi- tions
tion) »poor spatial resolution
•routine maintenance assures data
quality

absorption features.

1.4.4 Space-based vs Ground-based sensors

Table 1.3 lists some pros and cons of ground-based and space-based systems for monitoring the stratosphere. Each system has its own strengths and weaknesses but in general, space-based and ground-based remote sensors complement each other. Space-based
sensors cover a large geographical area while ground-based sensors may provide more
frequent measurements over a small geographical region. While space-based sensors

provide an overall picture of things, ground-based sensors provide more detailed infor

mation about particular sites. Both space-based and ground-based sensors are crucial t

obtaining the information which is essential to the study of stratospheric composition

1.5 Ground-based solar FTIR spectroscopy

A ground-based solar FTIR spectroscopy setup consists of a sun tracker (heliostat), an
imaging mirror, and a high-resolution FTIR spectrometer. The heliostat and the imaging
20

Figure 1.4: Typical ground-based solar FTIR setup

mirror form a telescope in which the planar mirrors of the heliostat m o v e in such a way

as to keep the image of the sun in a fixed position in the field of view of the teles

Figure 1.4 is a schematic of a typical setup. The spectrometer views the sun through

atmosphere. The curved lines are an exaggerated depiction of constant altitudes thro
the atmosphere. Light travelling from the sun to the spectrometer passes through the

atmosphere at all altitudes from space to the observation altitude and is absorbed by
atmospheric gases along the way.
The spectra recorded at the ground contain information on the total column amount
and VMR profiles of trace gases. Various methods have been used to retrieve this

information [e.g. Houghton et al, 1984; Menzies and Chahine, 1974; Niple et al, 1980;

Rinsland et al, 1998; Pougatchev and Rinsland, 1995; Pougatchev et al, 1995; Rodgers,

1976; Liu et al, 1996; Schimpf and Schreier, 1997; Griffith, 1996; Benner et al, 1995
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what is c o m m o n to all these methods is the use of a model to calculate the observed
spectrum. The models used vary but they have much in common which will be discussed

in more detail shortly. Of the retrieval methods developed, only MALT/CLS [Griffith,

1996] and SFIT2 [Rinsland et al, 1998; Pougatchev et al, 1995] have been used in thi
work and they will be briefly discussed in this section.

1.5.1 Spectral model for the atmosphere

The solar spectrum as observed at ground level contains numerous absorption feature

due to trace gases in the atmosphere. The shapes and relative depths of these featur
depend on pressure (P), temperature (T) and VMR profiles through the atmosphere as

well as the path travelled by the sunlight from space to the spectrometer. Only the

used by MALT [Griffith, 1996] will be discussed here, but differences with most othe
models is only slight.
Although P, T, and trace gas VMR vary continuously with altitude, the atmospheric
model used assumes an atmosphere consisting of a number of layers which are homoge-

neous with respect to P, T, and VMR. The vertical thickness of each layer is chosen

that the variations in P, T and VMR are small within the layer and a mean value of P
and VMR can be calculated to represent that layer of the atmosphere.
To calculate the mean P, T and VMR for each atmospheric layer, the values at the
lower and upper boundaries of the layer are needed. Temperature and VMR are assumed

to change linearly with altitude and pressure is assumed to vary exponentially with

titude [Gallery et al, 1983]. With the above assumptions and the added assumption of
thermodynamic equilibrium within each layer, the density-weighted mean P, T and VMR
of the layer can be evaluated using the following equations:
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ls_fP(z)p(z)dz
( U 6 )

Ip(z)dz

=

T

N

JT{z)p{z)dz

(U7)

=H > ( ^

"

fp(z)dz

'

(118)

where p is the density of air and N is the volume mixing ratio of a particular gas;
integration is performed over the atmospheric layer.

The path length through a layer of the atmosphere is a function of the solar zenith

angle {</>) and is approximately Azsec(</>) where Az is the thickness of the atmos
layer. This approximation works well for the range 0° < 0 < 80°; above 80° the

effect of refraction is significant and must be taken into account. As cj) approach

90° the approximation breaks down further; Az sec(0) approaches infinity, but due t

the curvature of the atmosphere the path length is actually about 38Az when </> = 9
[Gallery et al, 1983].

For ground-based solar FTTR spectroscopy, the exponential decrease in pressure with
altitude and the decreasing VMR of most gases at altitudes above about 50km means

only the gases in the first 100km altitude through the atmosphere need to be consi

in the model of the atmosphere. The thicknesses of the atmospheric layers used in t

MALT calculations in this work are 2km from observation level to 50km, 5km from 50k
to 80km, and 20km from 80km to 100km.
The calculated P, T, N, and path lengths of each layer are used to calculate the

spectral attenuation (absorption) through the individual atmospheric layers [Griff
1996]. Integrated absorption line strengths are taken from the HITRAN database
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[Rothman et al, 1987,1992,1998] and adjusted for temperature dependence, absorber
amount (VMR), and layer thickness Az before being convolved with the appropriate

absorption line shape function to yield the optical density function rz{a) for a vert
path through the layer. The absorption line shape function is dependent on pressure,
temperature, and molecular mass. The pressure dependency arises from collisional

broadening of the absorption line and for a line whose shape is dominated by pressure
broadening, the shape is a Lorentzian curve given by the equation:

h{°) = , "fl?,*, (1-19)
where aL is the Lorentz half-width at half-height, which is proportional to pressure.
The HLTRAN database has experimentally determined values for oiL which have been
adjusted for a pressure of 1013.25mb [Rothman et al, 1998].
For pressures lower than about lmb the absorption line shape is dominated by Doppler
broadening, which is dependent on temperature and molecular mass. The line shape due
to Doppler broadening is a Gaussian curve given by the equation:

/„(„) = -X. exp(-^^V (1.20)
where aG is the Gaussian half-width at 1/e height; it is dependent on the line centre
speed of light, temperature and molecular mass:
cr0 2kT
aG = —\
c V tn

(1.21)

The overall line shape generally has a Voigt profile which is the convolution of the
Doppler-broadened and pressure-broadened line shapes.
To produce the overall optical density function for the atmosphere

T(<J),

the optical

density function of each atmospheric layer is scaled by sec(0) to yield the optical d
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for the actual light path through that layer and the optical density functions of all the
layers are then summed. The monochromatic transmittance spectrum through the atmosphere is e_r(CT). The transmittance spectrum as measured by an ideal spectrometer is

the convolution of the monochromatic transmittance spectrum and the ideal spectrometer
line shape function.
Going back to the model of the atmosphere, the absorption line shapes for each layer

of the atmosphere will differ due to the different effective pressures and temperature

in each layer while the magnitude of the absorption will vary due to the different tem
peratures and VMRs. The gases in each atmospheric layer will contribute something

to the overall absorption feature observed at the ground and it is possible to make us
of the variations in absorption line shapes within each layer to retrieve information

the VMR profile of a gas as well as its total column amount. Figure 1.5 shows the line

shape expected of an N20 line at a temperature of 296K and altitudes of 0, 5, 10, 15, a

20km. The integrated absorption areas are normalised to a single value for the purpose

of showing line shape variations over a large altitude range. The figure illustrates h

the varying absorption line shape may contain information about the vertical distribut

of a trace gas. In reality the variation with altitude is much more subtle than portra

in the figure due to the gradual change in pressure and temperature with altitude. Thi

means that there will always be some uncertainty in the information on the VMR profile

of trace gases because absorption line shapes over a few km altitude will have very si
absorption line shapes.
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Figure 1.5: N 2 0 absorption line shape dependence on pressure (altitude)

1.5.2 Total column and VMR profile retrievals

Total Column Amount Retrieval

In this work, total column amount retrievals were performed by M A L T in conjunction

with a classic least squares (CLS) algorithm. The CLS algorithm assumes a linear cha
in absorbance with concentration for each component:

A(a) = hiajal + k2(a)c2l + ... K{a)cnl + s{a) = l^ki{a-)ci +e{a),

(1.22)

i=0

where ki{a) is the absorption coefficient of component i at wavenumber a, c{ is the

product of absorber concentration and path length through the sample, and e is the er

in the measurement. If A(a) is represented as A, which is a row matrix with p spectra

points, and the absorber concentrations are taken as a column matrix C with n points,
then A = ICK where K is an nxp matrix representing the spectra of the individual
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components of A(cr). If K is known, then C can be determined from the measured
spectrum A via the equation:
C = AK^KK7)"1 (1.23)
Assuming that the variables are independent, the condition for a solution to exist

which is easily satisfied. This solution satisfies the least squares criterion whic
case is that ^[^(a) — Ap(a)}2, where A0(a) and Ap(a) are the observed and predicted

spectra, is minimised. The predicted spectrum is the product of the retrieved matri
and the matrix K: CK.
The total absorber amounts can be calculated based on the retrieved component

amounts in C and the integrated number densities of the trace gases along the viewi

path through the atmosphere; the retrieved values are adjusted for a zenith path by

dividing the retrieved column by sec(^) to yield the total column amounts of the tr
gases.

As used with MALT, K is first calculated from a set of q synthetic calibration spec
generated by MALT. The concentrations of the components are known, making up the
qxn matrix C, and the calibration spectra make up the qxp matrix A. Once again,
A = ICK and the solution for K is:
K = (CTC)-1CTA (1.24)

For a solution to exist for K, there must be more calibration spectra than componen
spectra (q>n).

VMR Profile Retrievals

The atmosphere is a dynamic system and P T and VMR profiles of many trace gases

change with time. In the CLS scheme described, for total column amount retrieval th
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entire V M R profile of each trace gas is essentially multiplied by a scaling factor to obtain
the best fit by the least squares criterion; the CLS scheme can thus be thought of as
profile scaling technique of spectral fitting. Unfortunately, large variations in the
P, T or VMR profiles can yield poor spectral fits and corresponding errors in the CLS
estimate. Assuming that correct P and T profiles can be obtained, variations in VMR
profiles remain a problem; this may be minimised by carefully choosing VMR profiles

to further improve the least squares fit but this is not the best solution to the prob
The optimal estimation method [Rodgers, 1976,1990; Houghton et al, 1984] is not only
less sensitive to the assumed VMR of each gas but it can be used to retrieve the VMR
profile of the gas as well as the total column amount. The optimal estimation method
is employed by SFIT2 [Rinsland et al, 1998; Pougatchev et al, 1995,1996], which
is the VMR profile retrieval software used in this work. For an overview of various

profile retrieval techniques, see Menzies and Chahine [1974], Rodgers [1976], Niple et a
[1980], Houghton et al [1984], Benner et al. [1995], Pougatchev and Rinsland [1995],
Pougatchev et al. [1995], Liu et al [1996], Schimpfand Schreier [1997], and Rinsland

et al. [1998]. For an in-depth description of the optimal estimation method for spectra
analysis see Rodgers [1976,1990], and Houghton etal. [1984].

Profile retrievals provide a distinct advantage over total column amount retrievals in

regards to the study of the chemistry of the stratosphere. Since chemical reaction rat

dependent on the concentrations of all the reactants, profile retrievals can supply so

information necessary for the prediction of the effectiveness of chemical reactions by

providing a picture of the location of various trace gases in the atmosphere. Alternat
trace gas profiles can be used to study correlations between trace gas concentrations
possibly identify new relationships between different trace gases.

28

1.5.3 The effect of the Instrument Line Shape (ILS) on measured spectra

There are many factors which contribute to the shape of an absorption feature, and th

instrument line shape (ILS) function is one of these. If the ILS function varies enou

from what it is assumed to be then the measured spectra may be significantly distorte
In the case of total column amount retrievals the ILS may cause a mismatch between
measured and predicted spectra even in cases where the correct P, T and VMR profiles
used; this can lead to an error in the retrieved total column amount. In the case of

retrievals, the incorrect ILS will introduce a greater uncertainty in the retrieved V

profiles in addition to what uncertainties already exist due to noise and the similar

between absorption line shapes at other altitudes. It is desirable to measure the act
function in order to assess the effect of the true ILS on retrieved total column and
profiles; this will be explored in detail in Chapter3.

1.6 The Network for the Detection of Stratospheric Change (NDSC)

The Network for the Detection of Stratospheric Change1 (NDSC) [Kurylo, 1991] is an
international organisation whose primary goal is the observation of the state of the
sphere using a variety of instruments for the purpose of detecting and understanding

changes in the stratosphere. The data sets collected are also of value in the validat
space-borne atmospheric sensors and computer models of the stratosphere. The NDSC

consists of about 23 primary observation stations and 42 complementary stations at va

ous locations around the globe. The suite of instruments include temperature, aerosol
ozone LIDAR systems, 03, H20, and CIO microwave radiometers, visible and ultraviolet

1

More information on the individual NDSC stations, activities, and databases can be obtained on the

internet at: www.ndsc.ncep.noaa.gov.
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spectrometers, F T I R spectrometers, and various sondes.
Of the NDSC stations, 10 of the primary stations and 8 of the complementary stations

are equipped with high-resolution FTIR spectrometers configured to measure the sunligh

which is transmitted through the atmosphere. Over 20 species of gases are analysed usi
ground-based solar FTIR data and in some instances the spectra contain information on
the vertical volume mixing ratio (VMR) profile of a gas.
Six filters are generally used for the FTIR measurements; they are referred to as
NDSC filters 1 through 6. Table 1.4 lists the band pass for each of these filters and
the operating parameters used when acquiring solar/FTIR spectra with the Bomem DA8
situated at the Univerity of Wollongong (34.45°S, 150.88°E) which is a designated complementary NDSC site. Filter #6 is a low-pass filter; the response of the HgCdTe (MCT)
detector determines the effective low-frequency cutoff, which is about 650cm-1. For
all spectra, the measured wavenumber ranges extend beyond the nominal filter limits
to ensure that the spectral intensity drops to zero at either end of the ranges. For most

measurements, four interferograms are co-added to improve the signal-to-noise ratio. T

effective solar zenith angle used in the analysis of any particular spectrum is the so

zenith angle corresponding to the arithmetic mean of the times of zero-path difference
for the individual interferograms.
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Table 1.4: Filters and nominal operating conditions of the B o m e m D A 8 FTIR
spectrometer at Wollongong. A typical measurement consists of four scans and takes
about six minutes to complete.
Filter Band Aperture (mm) Preamp
B G / P G Detector
-1
(cm )
Gain switches
Int/Ext
InSb
NDSC#1 4016-4290 0.8/1.5
high/low
1/16
InSb
NDSC#2 3000-3820 0.8/1.5
high/low
1/16
InSb
1/16
high/low
NDSC#3 2420-3076 0.8/1.5
1/16
InSb
high/low
NDSC#4 2020-2570 0.8/1.5
4/64
InSb
high/low
NDSC#5 1580-2150 0.8/1.5
1/16
low
MCT
NDSC#6 xxxx-1350 1.0/1.5

1.1 Objectives

Ground-based solar FTTR spectroscopy is a well-established tool for the study of trace

species in the atmosphere. Over the years techniques and instruments have evolved to th

point where it is now possible to retrieve VMR profile information as well as total col

amounts from measured spectra. Retrieval of this VMR profile information is essential t

the study of the chemistry of the atmosphere due to the inseparable relationship betwee
the mixing ratios of trace gases and the reaction rates for specific reactions between
various gases.
Theoretical considerations have suggested that total column amounts and VMR pro-

files retrieved from ground-based FTIR solar spectra may be sensitive to the instrument

line shape function of the spectrometer. VMR profile retrievals may be especially sensi

tive to the instrument line shape since the vertical profile information is contained i

shape of the absorption features and the shape of the absorption features are influence
by the instrument line shape.
The aims of this thesis are to develop an improved understanding of the instrument
line shape and its effects on measured spectra, and to improve total column amount and
VMR profile retrievals, thereby enhancing the capability of ground-based solar FTIR
31

spectroscopy in the study of atmospheric chemistry. These general objectives are to be
achieved through the following specific goals:
• to provide a method for measuring the instrument line shape function and distortions caused by imperfections of a high-resolution FTIR spectrometer
• to provide an effective method for studying the effects of real and realistic instrument line shapes on the analysis of ground-based FTIR spectra of the atmosphere
• to improve total column amount and V M R profile retrievals by incorporating measured instrument line shape functions into the analysis.
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Chapter 2
FTIR PRINCIPLES

2.1 The Ideal Spectrometer

2.1.1 The Spectrometer

The Michelson Interferometer

Figure 2.1 is a schematic of a typical FTIR spectrometer. At its core is a Michelson

interferometer. Collimated fight enters the interferometer then strikes a beam splitt
where the beam is split into two parts which each travel down a separate arm of the

interferometer. In one arm is a stationary mirror and in the other arm is a mirror wh
moves parallel to the optical axis. The two beams then travel back down each arm and
are recombined at the beam splitter. Part of the recombined beam then goes on to the
detector where it is converted into an electrical signal.
The amplitude of a light source can be succinctly described by the equation:
A = A0eiu,t (2.1)
A0 is the peak amplitude of the source, and the complex exponential evaluates to
cos(utf) + is\n.{ut), which represents a sinusoidal signal that varies with frequency
/ =

UJ2TT

and time t.

As light travels from the source, its amplitude varies sinusoidally as a function of

frequency, distance from the source, and the speed of light through the medium. Only t

ideal case of light travelling in a vacuum will be dealt with here, but all derived eq
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apply equally to light travelling through air; the only difference is a slower propagation
time c which results in longer wavelengths A for every frequency /.
The amplitude of light which has travelled a distance D since it was emitted by the
source can be expressed as:

A = Aoe^*-"0^ = AQeiu}te-iuiDlc (2.2)

The constant c is the speed of light in a vacuum. By using the appropriate substitutions, the expression

UJDC

can be rewritten in terms of wavenumber {a) :

UJDC

= 2naD.

Equation 2.2 then becomes:
A = A0eiu;te-i2naD (2.3)

In the case of a perfectly collimated beam, the amplitude of light reaching the detec
will be proportional to the sum of the two recombined beams:

Adet = kA0eiu}t (e~i2naDl + e-i2naD2) (2.4)

where Dx represents the distance travelled by each of the beams and k is an efficienc

factor which is dependent on the reflectivity of the mirrors and the efficiency of th

beamsplitter. In the treatment of an ideal instrument, k can be assumed to be constan
and can be dropped from the equations for brevity. In a real instrument k varies and
can be treated as an additional spectral filter.

The intensity of light at the detector is the product of the amplitude function and i
complex conjugate:
het = AtetA*det (2.5)
This equation evaluates to:

Idet = 2A2 (1 + cos(27R7(D2 - A)) (2.6)
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The intensity at the detector is dependent on the difference in optical paths, D2 — D1}

and not on the absolute path lengths from the source. For brevity, D2—Di will be refe
to as the Optical Path Difference {OPD), and represented by the variable x.

For a monochromatic source, the intensity of light at the detector consists of a cons

term and a cosine term which varies according to the wavenumber a0 and the optical pat
difference x.
When an interferogram is recorded the moving mirror of the interferometer is moved
through the point at which x = 0 and on to a maximum OPD which is determined by the

desired resolution. The amplitude of the interferogram is recorded at equidistant poi

along the scan. The measured interferogram consists of the cosine term of Equation 2.6

the constant term is electronically removed. To produce a spectrum from the interfero-

gram, the interferogram is processed using the Fourier transform. The Fourier transf
converts a function in one domain into a related function in another domain. In this
the functions are the interferogram whose domain is the OPD x, and the spectrum whose
domain is a.

Polychromatic and Broadband sources:

If the light source is a broadband or polychromatic source, which is usually the case

interferogram will consist of a sum of cosine terms whose intensities and frequencie

dependent on the intensities and frequencies present in the source. This can be writte
as:
I(x) = I Sm(a) cos (27rcrx) da (2.7)
where I(x) is the interferogram, and Sm{&) is the spectral intensity of the source at
the wavenumber a.
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Resolution:

The resolution of an FTIR spectrometer is determined by the maximum optical path
difference {xmax) of the interferometer and is given by the equation:

Resolution = (2.8)
%max

Resolution is usually expressed in wavenumbers (cm-1) and xmax in centimetres.

This equation is based on the fact that any two monochromatic lines which are separat

by an amount equal to the resolution will produce corresponding cosine functions in t

interferogram which will be out of phase by 27r radians at OPD = xmax. This is illust

in Figure 2.2. The cosine function with the higher frequency will undergo one more fu

oscillation than the other cosine function, which makes it possible to distinguish be

the two frequencies when the sampling frequency is at least twice that of the highest
frequency present in the signal.

Effects of an extended source:

An extended source is any source which has non-zero dimensions, as opposed to a point

source which is an ideal source with no dimensions. If an extended source is placed a

focal plane of a collimating mirror, light emanating from any point other than the fo

point will diverge from the parallel by an angle a which is related to the distance f
the optical axis d and collimator focal length L through the equation:

<* = j (2.9)

In solar FTIR spectroscopy, the sun is imaged onto an aperture which is placed at the

focus of the spectrometer's collimating mirror. Since the aperture has a non-zero siz

there are always divergent rays present in the interferometer. The effect of divergen
37
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in the b e a m is to alter the effective optical path difference of the divergent rays by an
amount which is a function of a.
Figure 2.3 shows a schematic representation of an interferometer, with Mx being the
fixed mirror and M2 the moving mirror. In the schematic, the optical path difference

is twice the difference in the lengths of the spectrometer arms. The length of an arm

the distance between the mirror and the beamsplitter. The segment AE is perpendicular

to the mirrors and the triangle ACE is a right triangle with EA as the hypotenuse. Th

effective optical path difference is ABC which is equal to EC. The effective optical
difference is:
xeff = a;cos(Q;) (2.10)
Since a is usually very small, typically a few milliradians in high-resolution FTIR

spectroscopy, the approximation cos(a) = 1 - a2/2 is valid and can be used to simplif
equations.
The cosine term of Equation 2.6, upon substitution of the effective OPD can be
rewritten as:
cos{2Traxeff) = cos I 2-Kcrx (1 - — ) ) (2.11)
This shows that a divergent ray at any wavenumber a would behave like a non-

divergent ray at a wavenumber a(l - a2/2); that is, divergent rays are effectively shi
to lower frequencies. This equation implies that even a true monochromatic source,

unless it is also a true point source, will have a measured spectrum which spans a sm
range of wavenumbers.
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Ef

Ia

Figure 2.3: Schematic illustrating optical path differences in an interferometer. " M x " and
" M 2 " represent, respectively, the fixed and moving mirrors of the interferometer. The
difference in length between the interferometer arms is half the optical path difference,
x/2. Divergent rays in the spectrometer impinge on the mirrors at an angle a from the
normal and have an effective optical path difference which is the distance travelled from
point A to B to C. Since A B = E B and A E = x, ABC=EC=z[cos(a!)].
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2.1.2 The Ideal Instrument Lineshape Function

In essence, the instrument lineshape (ILS) function is the normalised intensity distrib
that the spectrometer would record from a monochromatic source. In an ideal spectrom-

eter this distribution is determined by resolution, wavenumber, and field-of-view (FOV).

Resolution-dependent contribution to the lineshape function:

Figure 2.4 is a brief pictorial summary of the effect of instrument resolution on the
measured spectrum. In an infinite interferogram containing pure frequencies (fig 2.4a),
the Fourier transform (spectrum) will be a set of delta functions corresponding to the
frequencies in the interferogram (fig 2.4b). In any FTIR spectrometer the interferogram

is sampled to a finite optical path difference xmax (fig 2.4c). The recorded interferog

(fig 2.4e) can be understood as being a product of the infinite-length interferogram an
boxcar sampling function. The sampling function has a value of unity for 0 < x < xmax

and zero elsewhere and its Fourier transform (fig 2.4d) is a sine function. A sine func
is defined [Bracewell, 1986] as:

Since the measured interferogram is a product of the infinite length interferogram and
the sampling function, the convolution theorem of Fourier transforms implies that any

spectrum obtained with Fourier transform methods (fig 2.4f) will be equal to the infini
resolution spectrum convolved with a sine function which corresponds to the Fourier
transform of the sampling function. The equation for the transform of the sampling
function in the a domain [Brault, 1985] is:
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I (a) = 2xmaxsmc(2xrnax(a

- a0))

(2.13)

The sine function due to the boxcar sampling function is always symmetric about
every spectral line er0-

Field-of-view contribution to ILS Junction:

In a typical solar FTTR setup the effective source for the instrument is an aperture

at the focus of the spectrometer's collimating mirror. The non-zero size of the apert

sults in divergent rays within the spectrometer, even in an ideal instrument. The div

rays will affect the spectrum of a monochromatic line and thereby affect the instrumen
lineshape function.
An equation for the apparent wavelength a due to a divergent ray can be obtained
from Equation 2.11:

a = a0(l-?pj (2.14)
Substituting d/L for a, where d is the distance of a point in the aperture from the

optical axis and L is the focal length of the collimator, the following equation is o

(2 i5

'-*H(i)l - »

If the aperture radius 8/2 is substituted for d, the expression 6/{2L) is the field(FOV) of the spectrometer. Considering the extreme ray and substituting 6/2 for d in
Equation 2.15 then differentiating yields:

80 ~4L2

(2 16)

-

For an evenly illuminated aperture the total intensity of light entering the spectrom
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Figure 2.4: (a) A n interferogram consisting of two frequencies, one of which is five
times the other. The higher frequency only has half the amplitude of the lower frequency.
(b) The monochromatic spectrum is the Fourier transform of the interferogram in (a).
(c) A n ideal sampling function has a value of unity from 0 to OPDmax
and zero elsewhere.
(d) The Fourier transform of an ideal sampling function is a sine function, (e) A finite
interferogram can be thought of as a product of an infinite interferogram and a finite
sampling function, (f) The Fourier transform of afiniteinterferogram is the convolution
of the Fourier transforms of an infinite interferogram and the finite sampling function.
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/, is proportional to the area of the aperture:

I = k<ird2/4 (2.17)

where A; is a constant factor. Differentiating with respect to 9 yields:
dl knO
89 '

(2.18)

2

Combining Equations 2.16 and 2.18:
81 2kirL2
da

a0

(2.19)

Thus the change in intensity per change in cr is constant for a circular aperture

the field-of-view (FOV) function of a monochromatic line is a boxcar function in
domain. The width of the FOV function can be derived from Equation 2.14:
a0(9\2 a0FOV2

W=

Y{2Z)

=

— 2 —

(2 20)

-

Overall Instrument Lineshape Function:

For an ideal spectrometer, Figure 2.5 shows the overall instrument lineshape func

which is a convolution of the boxcar FOV function and the resolution-dependent si

function. The sine function on its own is perfectly symmetric about a0 and does n

the apparent location of the peak. On the other hand, the FOV function is only no

at a0 and lower wavenumbers and thus shifts the peak of a monochromatic line to a

wavenumber by an amount equal to half the width of the FOV function, or a(FOV)2/4

The width of the FOV function is given by Equation 2.20 and the equation for the
function due to the boxcar sampling is Equation 2.13.
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Figure 2.5: The ILS function of an ideal spectrometer consists of the convolution of
the F O V function due to the non-zero aperture size and the sine function due to the
finite sampling function. The sine function is symmetric about the linecentre but the
field-of-view function is not; the resulting ILS is symmetric but its peak is shifted to
lower wavenumbers by a0(FOV)2/4.
These functions were calculated for an ideal
spectrometer with a resolution of 0.004cm -1 , F O V of 1.23mrad, and nominal a of
2400cm - 1 . The F O V function is not on the same Y scale in this figure.

Optimum Aperture

For any particular resolution there exists an aperture size which will maximise the
ulation of the highest frequency (amax) at the maximum optical path difference (xmax).

This aperture size is the optimum aperture size and it ensures the best possible sig
noise ratio measurement of amax at a resolution of l/xmax. The trade-off to be made is
between the total light intensity and the modulation efficiency of amax at xmax.
The optimum diameter for an aperture is:

y^max ^max

The derivation of this equation can be found in Appendix B.l. This equation holds
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if the detector's response is linear and the noise is independent of the signal; this is not
neccessarily the case for solar/FTIR measurements and in practice, the aperture sizes
are often smaller than this optimum.

2.2 The "real" spectrometer

2.2.1 Effects of Errors in Interferogram Recording

FTTR spectrometers, though carefully designed and constructed, are subject to imperfections which affect the recorded interferogram and consequently the measured spectrum.
Even in the best instruments factors such as mechanical wear and component ageing may
lead to poor performace. It is important to have some understanding of the more common
problems encountered in recording the interferogram and the effects which these will
have on the measured spectrum. Recognising the effects aids in determining the exact
cause and is the first step in eliminating or minimising the effects of the problem.
Guelachvilli [1981] summarises the effects of various imperfections on the spectrum

obtained by an FTIR spectrometer; these imperfections can be split into two categories:

1) misalignment of the aperture (discussed in detail later) and 2) errors in recordin
interferogram.
The errors in recording an interferogram can be classified as additive and multiplicative errors. Any systematic offset in the recorded interferogram is an additive error,

while variations in intensity of the source and variations in the phase function during

the scan introduce multiplicative errors. Both additive and multiplicative errors affe
spectrum; their effects will be discussed below.
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Additive errors

The equation for an interferogram with additive errors is:

I(x) = I Sm(a) [cos (2irxa) + Si] da (2.22)

where Sm(a) is the amplitude of the monochromatic spectrum at a and e1 is the additi
error in the interferogram.

If £i is constant then a spectral feature will appear at a = 0. This is generally no

problem because constant offsets are filtered out by the electronics of the spectrom

If £i is a periodic function, then it will appear as an erroneous feature at a const

position in the spectrum. An example of such a periodic error is the electrical inte

from the power mains; spectrometers are designed with filters to minimise this power
mains interference.

In general, FTTR systems are designed such that e\ does not pose significant problem

Multiplicative errors

Phase error
The equation for an interferogram with a phase error is:

J(x) = f Sm{a) cos (27rxa + e2) da (2.23)

where e2 is the phase error in radians. If e2 is a constant for any given a, then the

spectral feature will be an asymmetric line, as illustrated in Figure 2.6. In additi

the total area of the spectrum will be slightly lower because the measured interfero

amplitude at OPD=0cm, which determines the total area in the spectrum, will be lower

For transmission spectra, there is effectively an additive baseline shift. The frequ

dependence of the refractive index of the beamsplitter and other dispersive elements
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2452

2452.05

2452.1

1

a (cm- )
Figure 2.6: A constant phase error results in an asymmetric feature with a sheared
baseline.

ensures that every frequency in the interferogram has a slightly different phase at zero
OPD; this e2 due to the beamsplitter is constant for any particular a and it poses no

significant problems because interferograms are subjected to a phase correction algor
before transformation into a spectrum.
If e2 is a periodic function, then odd-symmetry ghosts are introduced into the spec-

trum as illustrated in Figure 2.7. These ghosts will be located at a0 ± //, where fi i

reciprocal of the phase error's period in the OPD domain. For example, if the phase er
function has a period of 50cm then the ghosts will appear at a0 ± 0.02cm-1. Since the

function e2 can have any phase with respect to that of the spectral feature of interes

the ghosts are generally phase-distorted facsimiles of the main feature. Periodic phas
errors generally arise from problems with the scan mechanism. These errors are not
compensated for by the phase correction algorithm and should be avoided during the
interferogram recording if possible.

48

1-

1 _

1

"

"1

1
i

bo

Arbitrary

S

.6-

i

2452

1

^

-

^

<u

s
1

.8-

1

.6-

I

1

I

245205

2452

2452.05

o (cm-1)

(a) Initial phase = Odeg.

a (cm4)
(b) Initial phase = 90deg.

Figure 2.7: Periodic phase errors result in odd-symmetry ghosts on either side of the
spectral feature, (a) Ghosts arising from periodic variation with initial phase angle of 0.
(b) Ghosts arising from periodic variation with initial phase angle of 90deg.

Intensity error
The equation for an interferogram with an intensity error e3 in the recording is:

I(x)=

J Sm{a) [1 + e3] cos (2irxa) da

(2.24)

If e 3 is constant, then the entire spectrum is simply scaled by the factor 1 + e3. A n
example of this is an error made in the calculation of amplifier gains.
£3 may also be a function dependent on a, as is the case with the detector's spectral

response function. This results in a measured spectrum which is scaled by the detecto
spectral response function and can be thought of as a type of spectral filtering.
If £3 is a periodic function then even-symmetry ghosts appear in the spectrum, as

illustrated in Figure 2.8. These ghosts appear at a0 ± //, where p, is the reciprocal
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Figure 2.8: Periodic variations in the interferogram amplitude result in even-symmetry
ghosts to either side of the spectral feature, (a) Amplitude modulation with initial phase
angle of 0. (b) Amplitude modulation with initial phase angle of 90deg.

period of the intensity error in the OPD domain. In general, the phase of the variation is

not zero at the beginning of the interferogram and the resulting ghosts are phase
copies of the parent feature.

General Case

All the above mentioned types of errors are present to some extent in any interfe

However, in a well-built and well-adjusted instrument, the more detrimental perio

multiplicative errors are kept to a minimum. Figure 2.9 shows a spectrum before an

after adjustment of an FTIR spectrometer. The first spectrum exhibits both odd and
even-symmetry ghosts. The odd-symmetry ghosts which are barely resolved from the
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main feature can be attributed to a b o w in the scanning mechanism which alters the

spectrometer axis and thus introduces a slowly varying phase function which has a peri
comparable to the maximum OPD. The well-resolved even-symmetry ghosts can be
attributed to a defective bearing in the scan mechanism; the separation of the ghosts
from the main feature coincides exactly with the outer diameter of a bearing in the
scan mechanism. The second spectrum was taken after the instrument was re-adjusted
to minimise the periodic phase and intensity errors.

2.2.2 Effects of Aperture Misalignment on ILS

Introduction

In high-resolution FTTR spectroscopy, the optimum aperture sizes are typically on the
order of 1mm or smaller. In practice it is difficult to centre the aperture precisely

the optical axis. Furthermore, it is difficult to locate the aperture precisely in the
plane of the collimator. Slight aperture misalignments can have noticeable effects on

the instrument line shape function and as such it is important to understand their rol
determining the overall ILS function.
The effects of aperture misalignments are well-known and have been discussed in
detail by others [Guelachvilli, 1981; Kauppinen and Saarinen, 1992; Saarinen and

Kauppinen, 1992]. Guelachvilli states the effects in terms of the measured interferogr
while Kauppinen and Saarinen state the effects in terms of the intensity distribution

a monochromatic line (the field-of-view function). While off-axis and off-focus effect

have been studied separately in the cited works, the work of Kauppinen and Saarinen is
readily extended to an aperture which is both off-axis and off-focus.
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(a) Spectrum measured with poorly aligned spectrometer
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(b) Spectrum measured with realigned spectrometer

Figure 2.9: (a) Poor spectrometer alignment resulted in severe odd and even symmetry
ghosts. Ghost 1 are the even-symmetry ghosts arising from periodic errors in the
interferogram amplitude. Ghost2 are the odd-symmetry ghosts arising from periodic
errors in the interferogram phase, (b) After spectrometer maintenance the ghosts are
no longer evident.
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Off-axis aperture
Effective aperture size
Off-axis shift

Optical Axis
Figure 2.10: A n off-axis aperture is equivalent to a larger aligned aperture with uneven
illumination. T h e off-axis aperture will have a F O V function which spans the same range
as that of the larger effective aperture but the intensity from each concentric annulus
within the effective aperture must be multiplied by the illumination ratio.

Off-axisfield-of-viewfunction:

From Equation 2.14, divergent rays in an interferometer behave like collimated rays of
lower frequency whose apparent wavenumber depends on the divergence angle a. The

angle a is dependent on distance, d, of a point from the optical axis and the focal le
L of the collimating mirror (Equation 2.9).
Figure 2.10 illustrates how an off-axis aperture can be modelled as a larger aperture

with uneven illumination. The resulting field of view function is that of a larger ape
but with the intensities multiplied by the ratio of the arc intersected by the actual

to the full annulus of the larger effective aperture. This ratio will be referred to a
illumination ratio.
Given an off-axis shift of 0 and aperture diameter of 9, the following equations can
be derived for the range of d.

0<d<P+^ for0 <0/2 (2.25)
(3-67,<d<f3+6- forP>9/2 (2.26)
2

•"
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Figure 2.11: F O V functions for an aligned 0.8mm aperture, off-axis 0.8mm aperture, and
effective aperture corresponding to the off-axis 0.8mm aperture. The calculations are for
a collimator focal length of 3 2 5 m m and a = 2450cm - 1 .

The illumination ratio is given by:

1:

cos

for d < 9/2 - P

1 (d2-92+p2\
\ —Wd
. for all other allowed values of d
—- ):
7T

(2.27)
(2.28)

(See Appendix B.2 for the derivation.)
Figure 2.11 compares the FOV function of a perfectly aligned aperture, the same

aperture off-axis, and an evenly illuminated aperture of greater size which correspond

to the effective aperture size of the off-axis aperture. The exact FOV function can be
calculated using Equations 2.27 and 2.28.

Figure 2.12 illustrates the instrument lineshapes predicted for an aligned and off-axi
aperture. For a perfectly aligned aperture the FOV function is a boxcar function; the
is symmetric and its peak coincides with the centre of the FOV function. An off-axis
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Figure 2.12: Calculated instrument line shape functions for a 0.8mm aperture off-axis by
0.0 and 0.12mm with a collimator focal length of 3 2 5 m m and a nominal a of 2450cm - 1 .

aperture yields an asymmetric F O V function and hence an asymmetric ILS. The F O V

function for an off-axis aperture is wider than that of an aligned aperture, causing a
apparent shift of the ILS peak to slightly lower wavenumbers.

Off-focus field-of-view function:

Figure 2.13 shows how a point source on an off-focus aperture effectively emits from a

broad range of distances d from the optical axis. The exact range of distances depends

on the projection of a ray from the source to all points on the collimator. Figure 2.1
shows how this smearing effect of an off-focus point source can lead to the treatment

an off-focus source as a multitude of off-axis sources which are at the focus. For any

concentric annulus on the collimator, an off-focus source behaves like an off-axis s

of a different size; the size depends on the collimator focal length L, off-focus shi
55

Focal plane

Collimator

Figure 2.13: A single point on an off-focus source is equivalent to a multitude of points in
the focal plane. The effective positions in the focal plane are determined by the projection
of rays from the point in the aperture onto all points on the collimator.

and aperture diameter 9:

AL
9Pff —

(2.29)

The effective shift peff (seefig.2.14) is dependent on L, AL, and the radius of the
annulus r.
2// =
&ff
""

rAL
L + AL

(2.30)

The contribution of this annulus to the overall field-of-view function is the produc
the monochromatic intensity distribution of the effective off-axis aperture and the

the annulus, TIT dr. For a collimator with radius R, the field-of-view function is t
of all contributions from the concentric annuli from r = 0 to r = R.
Figure 2.15 shows the FOV function of an off-focus source and its corresponding ILS
function. The functions were calculated using 9 = 0.8mm, 7 = 2.0mm, a = 2450cm-1,
collimator radius of 39mm and collimator focal length of 325mm.

The instrument line shape is not as sensitive to an off-focus misalignment as it is t

56

09

o

V,
<3 «J
&
S
MH
• i-*

o
<4H
o
o o
t« T3
i—i<

§

r»

(
i>
09

^
o <
•a «
(U J=l
09
«
>s 09
3
u
«
o
09
o
«t=1

• 1—<

p
H

o

•£*

13
^

09

OJ

8- c3
3
.8
o
*
t o
.ot2
J~
09

<4H

n
ed
x
cd

09

.a

1
*-i

eS N
o W>
+J
4>
Cu
o _p

9<

J3
e
a
•4-*
09
2

£

o <2
o
o <u
o 3
CM
o
09
o
•r^
09

1

.=) d
c> -M
o

2

o

% u
rrt H

a

»—<

09

<B

o 3
09
o 09
J*

v*
XS
53 «
O JJ3
09

3
g

O
T3

s

C<J

&

p

S3

d
A •*<U *c
<D

.&

O1 1g/1 ^•
rl
<N W9 Zf
§
a> 8
3 ,—'
• rH

UH

« ^
a> t»
{X «4-l
o
re

57

•1

F O V function
ILS

>
s-c

XJ

5-

<

~\

^ \ y/

/"-\

. — .

i

-.005

0

5E-03

.01

1

a-o0 (cm )
Figure 2.15: F O V function expected of an off-focus source and its corresponding
instrument line shape function. The functions are calculated for a collimator focal length
of 3 2 5 m m , collimator radius of 3 9 m m , nominal a of 2450cm - 1 , and an off-focus shift of
2.0mm.

an off-axis misalignment. Figure 2.16 shows the F O V functions calculated for a 1 m m

off-focus shift and a 1mm off-axis shift, demonstrating the relative insensitivity of

FOV function, and hence the ILS, to an off-focus shift as compared to an off-axis shif
The functions were calculated with a = 2450cm-1, 6 = 0.8mm, collimator radius of
39mm and collimator focal length of 325mm.

Since an off-focus shift produces a field-of-view function which is equivalently a sum

of off-axis FOV functions, the question arises as to whether or not an off-axis shift

distinguished from an off-focus shift. If the two are indistinguishable, then there i
point in treating the off-axis and off-focus shifts as separate entities.

Figure 2.17 shows modelled line shapes for an off-focus aperture shift and an off-axis
shift for a = 2450cm-1, 9 = 0.8mm, p = 0.12mm, 7 = 1.5mm, collimator radius of
58

0=0.8mm, aligned
6=0.8mm. Off-focus: 1.0mm
8=0.8mm, Off-axis: 1.0mm

0

-.02
-1

O-C0 (cm )
Figure 2.16: The F O V function, and hence the instrument lineshape function, is m u c h
more sensitive to off-axis than off-focus aperture shifts. These F O V functions are
calculated for a collimator focal length of 3 2 5 m m , collimator diameter of 3 9 m m , and
nominal a of 2 4 5 0 c m - 1 .

3 9 m m and collimator focal length of 3 2 5 m m . The F O V functions differ noticeably given
the fine scale at which the calculations were performed but because of their narrow

the overall ILS functions are practically indistinguishable; in real spectra the min
differences would be masked by noise.

For a small off-axis shift at a particular frequency, it may be possible to find a c

sponding off-focus shift that would yield essentially the same ILS. For higher frequ

the ILS functions will diverge significantly due to the differing frequency dependen
of the off-focus and off-axis aperture effects.

Off-axis and off-focus shifts will only yield similar ILS functions for relatively s

shifts. As the off-axis shift approaches or exceeds 0/2 the ILS functions will diver

cause the off-focus monochromatic distribution function will always have a contribut
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1Off-axis F O V function
Off-focus F O V function
5a
i—
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<

.003
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(a) F O V functions for apertures offset by 0.12mm off-axis and 1.5mm off-focus

- Off-axis ILS
- Off-focus ILS

0.02

a-a 0 (cnr1)
(b) ILS functions for apertures offset by 0.12mm off-axis and 1.5mm off-focus

Figure 2.17: (a) Small off-focus and off-axis aperture shifts produce slightly different
F O V functions, (b) The corresponding ILS functions are indistinguishable at typical
signal-to-noise ratios and thus an off-focus aperture shift can be adequately modelled by
an off-axis shift provided that neither offset is very large. A rough guideline would be
p < 0/4 and 7 < 2 m m . The functions were calculated with an aperture diameter of
0.8mm, collimator radius of 3 9 m m , collimator focal length of 3 2 5 m m , and nominal a of
2450cm-1.
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from a0 while this is not the case for an off-axis F O V function, as shown in Figure 2.16.
Despite the similarities that may exist between off-focus and off-axis aperture ILS

functions, the two do yield significantly different FOV functions and ILS functions es-

pecially for larger aperture shifts. It makes sense to be aware of the different effec
these two misalignments even though FTIR spectrometers should normally be aligned
well enough that it would be impossible to determine whether an asymmetric line shape
is due to an off-axis or off-focus aperture.

Off-axis and off-focus field-of-view function:

An off-axis, off-focus source can be treated as an on-axis off-focus source of larger

ture and uneven illumination. Figure 2.18 is a simplified diagram showing the projectio

of a concentric annulus on an off-focus aperture to an off-axis annulus at the focal pl

The effective off-axis displacement is dependent on r, L and AL, as in the case of a pu

off-focus aperture. The contribution of one annulus of the off-axis, off-focus apertur
the product of the illumination ratio and the sum of all effective off-axis annuli for
to r = R.

ILS modelling routines:

All FOV functions in this section were calculated using spec_dist.exe, a program for th

calculation of the FOV function for an aligned or off-axis and/or off-focus aperture; i

makes use of the subroutine s_d_3.for which incorporates all of Equations 2.9, 2.14,a
2.26 through 2.30.
The ILS functions presented here are calculated using ILS_3b.exe. A more detailed
description ofspec_dist.exe and ILS_3b.exe is given in Appendix C.2.
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Chapter 3
INSTRUMENT LINE SHAPE (ILS) RETRIEVAL BY
FOURIER DECONVOLUTION
The Fourier deconvolution method for ILS retrieval will be discussed here. Sec-

tions 3.1 and 3.2 discuss the basic concept of Fourier deconvolution and its limitati

with regard to ILS retrieval for the case of ideal spectra. Concepts are demonstrated

through the synthesis and analysis of spectra; using synthetic spectra rather than me

spectra allows full control over variables and eliminates uncertainties which may oth

wise be associated with measured spectra. All concepts are applicable to real spectra
adaptations necessary to integrate the concepts, as demonstrated with ideal spectra,
actual measured spectra are discussed in Section 3.3. Measurement conditions are de-

scribed in Section 3.4 and Section 3.5 demonstrates the use of the Fourier deconvolut

routine on measured spectra. Section 3.6 compares the Fourier deconvolution method of

ILS retrieval with a different ILS retrieval technique independently developed by Has
etal. [1999].

3.1 Basic concept

Convolution of the true monochromatic spectrum and the instrument line shape func-

tion is inherent in FTIR spectroscopy, thus this convolution cannot be avoided and th
measured spectrum is always an altered version of the true monochromatic spectrum.

Mathematically an inverse function of convolution exists and this provides a means of

estimating the ILS function of an FTIR spectrometer through a simple mathematical
relation.
The measured (observed) spectrum S0(a) can be expressed as a convolution of the
monochromatic spectrum Sm{a) and the instrument lineshape function A(<r):

S0{a) = Smia) ® A(a) (3.1)

Using the convolution theorem of Fourier transforms [Bracewell, 1986] the Fourier
transform of S0(a) can be expressed as:

F [S0(a)} = F [Sm(a)] F [A(a)] (3.2)

The line shape can therefore be expressed as:

F-1[F[A(a)]]=F~1

F[Sm{a)}

(3.3)

This operation is a straightforward Fourier deconvolution. The equation implies t
the instrument line shape (ILS) function can be directly computed from a measured
spectrum assuming that the monochromatic spectrum is sufficiently well known.

3.2 Practical Limitations to the Fourier Deconvolution

Fourier deconvolution has certain limitations which will be discussed in detail h

an example of such a limitation, assume that the ILS function is known. When the I

function is deconvolved from the measured spectrum the result is not the monochro

spectrum, but the convolution of the monochromatic spectrum and the sine function

to the finite sampling function. This is a fundamental limitation; the informatio

which to reconstruct the true monochromatic spectrum is not there. The monochroma

spectrum is not an entity which can be directly retrieved from the measured spectr
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The ILS can be estimated from the measurement provided that a model can provide
a good enough estimate of the monochromatic spectrum. Thus, one limitation to the
ILS retrieval by Fourier deconvolution lies in the modelling of the true monochromatic
spectrum. Other important factors limiting Fourier deconvolution are the width of spectral
features used in the ILS retrieval, and the signal-to-noise ratio of the measured spectra.

3.2.1 Modelling the Monochromatic Spectrum

Since the monochromatic spectrum Sm{a) is not readily obtained by experiment, a model
must be relied upon to provide the best estimate to use in the deconvolution. Deviations
of the model spectrum from the true monochromatic transmittance spectrum will result in
errors in the retrieved ILS function so the estimate of the monochromatic spectrum must
be the best which can be obtained.
In modelling the monochromatic spectrum, the following assumptions are made:
1. the spectral region being analysed has only a single spectral feature
2. the continuum level is unity
3. spectral noise is negligible
4. the integrated area of the spectrum Q

S0{a) da remains constant for reasonable

changes in the ILS.
The fourth assumption is true w h e n the following conditions are met:
a. the spectral feature does not m a k e any significant contributions to the spectrum
outside the region being analysed
b. outside the region being analysed, there are no spectral features which m a y affect
the spectrum
c. there are no significant phase errors in the spectrum
d. the transmission at the peak of the absorption feature is m u c h greater than 0 in the
monochromatic spectrum.
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Figure 3.1a shows a feature suitable for ILS retrieval; it is a single isolated line with

a flat continuum level. The spectral region in Figure 3.1b is not suitable for ILS re

due to the extra absorption feature; the presence of this feature will result in anom

during the Fourier deconvolution. The region depicted in Figure 3.1c is not suitable f

ILS retrieval because the spectral intensity in the region may not be conserved as the
estimated ILS changes. Figure 3.Id shows a spectrum with a large phase error; such

spectra are not suitable for ILS retrieval because the total spectral intensity of th
is not conserved when there is a phase error.
Once a spectral region has been selected which meets all the requirements stated
above, the monochromatic spectrum can be estimated. The first stage in estimating
the monochromatic spectrum is to precalculate the optical density function r{a) using

the known cell temperature, path length, gas pressure and composition in the cell, and
line parameters from the HITRAN96 [Rothman et al, 1998] database and the HBr line
parameters of Coffey et al. [1998]1 as appropriate. The optical density function is
calculated using the MALT [Griffith, 1996] model.
The model monochromatic spectrum is given by the equation:
Sm = e-^> (3.4)
This monochromatic spectrum is a first guess; the true monochromatic spectrum may

differ due to small errors in the measured cell pressure, cell length, or gas concent

To take these small errors into account, a factor k can be introduced into Equation 3.
5

fer
= e- O),

The true monochromatic spectrum is estimated by iteratively varying k to

satisfy the equation:

/ S0{a) da = j Sm{a) da = J e~kT^ da (3.5)

Appendix A
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Figure 3.1: Illustration of the suitability of spectral regions for ILS retrieval by the Fourier
deconvolution method
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Figure 3.2: A measured spectrum can be represented as the difference of a boxcar
function B{a) and a function £(<J).

3.2.2 Width of Spectral Features:

Despite the apparent simplicity of the Fourier deconvolution method for retrieving the

ILS function, the ILS cannot be retrieved from any arbitrary spectral feature. The r

for this is that spectral features do not necessarily contain much useful informatio

the ILS. Broad spectral features in the a domain yield rapidly decaying functions in
OPD domain and, as will be discussed here, contain limited information on the ILS.
To aid in understanding what information spectral features may contain about the

ILS, it is useful to envision the measured spectrum S0{a) as a difference of a contin

function B{a) whose value is unity at all points, and a function £(<r) as illustrated
Figure 3.2. The measured spectrum S0{a) can be analysed in terms of its component
functions. Applying the addition theorem of Fourier transforms [Bracewell, 1986] to
equation S0{a) = B{a) — £(a), the Fourier transform of the spectrum S0{a) can be
expressed as:
F [S0{a)\ = F \B{a)} - F [£(a)]

(3.6)

Equation 3.6 implies that the interferogram consists of a sine function, which is the
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Fourier transform of B(a), and a function which decays as F[S0(a)-B(a)]

or F[£(a)], as

illustrated in Figure 3.3. For a broad spectral region, the sine function decays very
with optical path difference while the contribution from the much narrower spectral

feature decays at a slower rate. This means that as the optical path difference is in

more of the interferogram modulation is due to the presence of the spectral feature t

the broadband radiation. In other words, most of the information about the ILS functi

contained in the spectral feature £(<r). The rate of decay of the interferogram modula

due to the spectral feature depends on the shape and width of the feature. Figure 3.4

the expected interferogram modulation functions from spectral features of two differe
widths. The broader spectral feature decays more rapidly in the interferogram domain

and therefore yields a greater uncertainty about the ILS function at larger optical p
differences (OPDs). This illustrates a fundamental limitation on the certainty of the
imposed by the shapes and widths of the spectral features from which the information

derived. This limitation is not only applicable to the Fourier deconvolution method b
any ILS retrieval method.
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3.2.3 Signal-to-noise ratio

Since the Fourier deconvolution involves a complex division by a decaying function,

deconvolution leads to an amplification of the modulation at larger optical path diff

ences {OPD). The recorded interferogram consists of a modulated signal and some noise;

deconvolution amplifies both the signal and noise. For a broadband source, the variati

in intensity of the interferogram near x = Ocm is very large with respect to the nois

and the signal-to-noise ratio is at its highest. As the intensity of the interferogra

with increasing OPD while the noise remains at the same level, the signal-to-noise ra

decreases [Brault, 1985]. The result is that, in the OPD domain, the accuracy of a sing

retrieved ILS at higher OPD values is dictated by the noise in the measured interfero

Assuming that the noise is white noise, its effect on the ILS in the a domain will be
add white noise [Bracewell, 1986]. White noise is noise which is of constant power at

all frequencies. Figure 3.5 compares synthetic spectra with and without noise to thei
corresponding retrieved ILS functions. The spectra were computed for a resolution of

0.004cm"1, aperture diameter of 0.8mm, aperture off-axis shift of 0.2mm, nominal a o
2450cm-1, and a 5cm path length with 0.4torr HBr. The signal-to-noise ratio of the

synthetic noisy spectrum is 800:1, which is a lower limit to the signal-to-noise rati
typical of solar spectra as measured routinely with the InSb detector.

To gain an insight into the sensitivity of the ILS retrieval by Fourier deconvolution

spectral noise, noisy spectra were synthesised for the P8 to P5 lines of HBr. The Fou

deconvolution routine, which is described in greater detail in the following section,

then used to retrieve ILS functions from these spectra. A model calculation of the IL

functions throughout the range from the P8 to the P5 lines indicated that there shoul

be no discernible change in the true ILS function. Figure 3.6 shows the ILS functions
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Figure 3.5: Noise in the spectrum contributes to the uncertainty of an ILS function derived
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retrieved from the synthetic noisy spectra with a non-ideal ILS; the differences between

the retrieved ILS functions for each line give a qualitative idea of how noise affects t

ILS retrieval. Figure 3.7 shows the average of these retrieved ILS functions in comparis

to the actual ILS function used in the calculation of the spectra and the ideal ILS fun

Noise in the spectrum increases the variability of the retrieved ILS functions but aver

the retrieved ILS functions can improve the estimate of the true ILS function significa
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Figure 3.6: ILS retrievals from P 5 to P 8 lines of a noisy synthetic spectrum, illustrating
the variability in the retrieved ILS due to noise.
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Figure 3.7: Average of retrieved ILS functions of Figure 3.6; averaging decreases the
noise-induced variations of the ILS estimate.
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3.3 Implementation

of the Fourier deconvolution

The implementation of the Fourier deconvolution method for ILS retrieval from measured

spectra is discussed here. Typical measured spectra do not have a continuum level of u

and isolated spectral lines are often difficult to find. A slope or curvature of the c
and extra absorption features may cause the interferogram modulation to approach zero

points and singularities will occur during the Fourier deconvolution, thus it is neces
to process measured spectra to meet the requirements for a stable deconvolution. This

processing consists of removing the extra absorption features and the slope and curva
of the continuum in the observed spectrum. The processed spectrum will be referred to

the adjusted spectrum Sa{a); this spectrum can be directly substituted for the observed
spectrum S0(a) discussed in the previous sections.
The continuum level and extra absorption features can be estimated by applying a
classic least squares (CLS) algorithm to retrieve variables from which the measured
spectrum can be reconstructed. The continuum level and extra absorber features are
estimated by taking the retrieved variables and reconstructing the spectrum, less the
spectral feature from which the ILS will be derived. Dividing the measured spectrum

by the estimate of the continuum level and extra absorber features provides the spectr
Sa(a) from which the ILS is retrieved. This process is illustrated in Figure 3.8.
At this point the Fourier deconvolution is performed to retrieve the ILS function.
The retrieved ILS function will have large artefacts in the far wings due to noise in

spectrum and this will affect the normalisation of the ILS function; thus it is necess

suppress these noise-induced artefacts. The solution chosen here is to produce a weigh
ILS by combining the deconvolved ILS and an ideal ILS. Given the deconvolved ILS

Ad{a), ideal ILS A*(a), and a weighting function G{a), the estimated ILS Ae(cr) is give
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(a) Measured spectrum

(b) Fitted spectrum
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(c) Continuum level

(d) Estimate of 5a(<r)

Figure 3.8: In estimating the spectrum Saa from the measured spectrum in (a), a C L S
fitting routine isfirstrun to produce thefittedspectrum in (b). The continuum level in
(c) is produced by reconstructing the spectrum in (b) and leaving out the spectral feature
which will be used in the ILS retrieval. The transmittance spectrum (d) is the ratio of (a)
to (c).

by the equation:
A e (a) = [G(a)] Ad(a) + [1 - G(a)} K{a)

(3.7)

The weighting function used in the Fourier deconvolution is:
G(a) = e^dH^max Al)fc2

(3.8)

Where ki determines the width of G in relation to the m a x i m u m optical path difference,

and k2 determines how rapidly the function approaches zero as |cr| increases. The co

stants kx and k2 axe chosen in such a way that the peak and near wings of the deconv
ELS determine the peak and near wings of the estimated ILS and the far wings are
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determined by the ideal ILS. This weighting imposes limitations on the ILS retrieval by
Fourier deconvolution since the far wings of the ILS function are determined solely by a
predetermined ideal ILS, implying a bias in the retrieved ILS functions. A s an example
of an imposed bias, consider the presence of a strong periodic error in the interferogram
modulation. This periodic error will result in symmetric ghosts, and if the ghosts are well
separated from the parent line the ELS weighting will de-emphasise or even eliminate
these ghosts from the estimated ILS.
The first estimate of the continuum function and extra spectral features is generally
poor and hence thefirstretrieved ILS is not the best estimate of the true ILS. The ILS
estimate can be improved by iterating the estimation of the continuum level and extra
spectral features using the latest estimate of the ELS function and then repeating the
Fourier deconvolution on the improved estimate of Sa(a). Generally three iterations are
sufficient to arrive at the best estimate of the ILS function.
A summary of the steps in the Fourier deconvolution method for retrieving the ILS
function follows:
1. A set of classic least squares (CLS) calibration spectra are calculated using the best
estimate of the ILS, or the ideal ILS in the first iteration.
2. Continuum level parameters and component amounts are determined using C L S .
3. The function consisting of the continuum level and extra spectral features is estimated by calculating a synthetic spectrum using the retrieved continuum parameters and component amounts from step 2 and excluding the spectral feature from
which the ILS is to be estimated.
4. The measured spectrum is divided by the synthetic spectrum estimated in step 3 to
yield a spectrum Sa{a) stripped of extra spectral features and which has a constant
continuum level of unity.
5. The monochromatic spectrum is approximated using the method described in the
previous section and the Fourier deconvolution is applied to yield the ILS function.
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6. A weighted ILS function is calculated using the ideal ILS and the retrieved ILS to
reduce the artefacts which are due to noise in the far wings of the spectrum.
7. The procedure m a y be iterated from step 1 using the weighted ILS function in
the continuum level correction step to yield a better continuum level correction
and an improved ILS retrieval. Convergence is indicated by decreasing differences
between successive ILS estimates and typically no more than three iterations are
needed to produce the best estimate.

3.4 Recording spectra for ILS retrieval

Spectra used in this work were measured mainly on one of two spectrometers; one is
B o m e m D A 8 F T I R spectrometer at the University of Wollongong and the other is the
Bruker 1 2 0 M F T T R spectrometer at N I W A , Lauder. The optical setups and instrument
parameters for ILS measurements on these two spectrometers are discussed here.
Figure 3.9 shows a generalised optical layout of the B o m e m D A 8 spectrometer as
used for spectral measurements for ILS retrieval. A globar or the sun can be used as
the source; the globar is selected by removing the flat mirror M 2 from the optical train;
with M 2 in place the sun is the selected source. The parabolic mirror M 3 images the
source onto the entrance aperture A l . E n route from M 3 to A l the light passes first
through the selectedfilterwhich serves the added purpose of blocking U V radiation which
m a y otherwise photolyse the HBr. The light also passes through Cell 1 if it is present.
M 4 is the collimating mirror and the interferometer consists of thefixedmirror M 5 , the
scanning mirror M 6 , and the beamsplitter. Light passes from the aperture A l through
the interferometer, and then on to the detector via the transfer optics consisting of the
parabolic mirrors M 7 and M 8 . Between mirrors M 7 and M 8 there is an internal aperture
limiting the instrumentfield-of-viewand a space for placing a second gas cell, Cell 2.
The position labelled "Cell 1" is the position most commonly used w h e n measur77

Sources:

]yjj

SI: sun
S2: globar
Apertures:
A1,A2
Flat Mirrors:
M2,M5,
M 6 (scan mirror)
Parabolic Mirrors: Ml,M3,M4,
M7.M8

Figure 3.9: Optical layout of the B o m e m D A 8 spectrometer as used for spectral
measurements for ELS retrieval.

ing spectra for ELS retrievals on the B o m e m D A 8 spectrometer. The position labelled

"Cell 2" is used for cross-checking ILS measurements, which is discussed in Chapt
All routine ELS measurements made on the Bomem DA8 were done with a 5cm sealed

HBr cell placed in the position indicated by Cell 1. The HBr cell, manufactured by

O'Rourke Enterprises of Lumberton NJ, has sapphire windows with a wedge of 0.5° an

is filled with 0.3torr of HBr. The instrument parameters used when measuring spec
as follows:
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FTIR:

Bomem DA8

Source:

sun or globar

Resolution:

0.004cm" 1 (l/xmax)

FOV:

1.2mrad

Filter:

N D S C filter 3 (R-branch) or 4 (P-branch)2

Detector:

InSb

# of scans:

4 for sun, 49 for globar

Figure 3.10 shows the optical layout of the Bruker 120M spectrometer as used for

measuring spectra for ELS retrieval. The source (sun or globar) is selected by app

positioning of the flat mirror M2. The cell CI is 10cm long and 5cm in diameter with

wedged CaF2 windows; if it is present it is filled with N20 for checking the ILS. The

parabolic mirror P2 images the source onto the entrance aperture Al. If an HBr spe

is being taken then the cell C2 will be in place; furthermore, if an HBr spectrum is
being taken with the sun as the source a germanium window W may be placed in the
optical train to block ultraviolet radiation which may irreversibly photolyse the

the cell. The cell C2 is the same sealed HBr cell used for making measurements on th

Bomem DA8. The interferometer consists of the collimating mirror P3, fixed cube co

reflector Rl, scanning cube corner reflector R2, and the beamsplitter B. The outpu
interferometer is directed to the detector via the transfer optics P4 through P6.

to the detector, the light passes through the internal aperture A2 and the selecte
In collaborative experiments with NIWA Lauder, HBr spectra have been recorded
with the Bruker 120M. The instrument parameters used when measuring these HBr
spectra are as follows:
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Sources:
Cells:
Flat Mirrors:
R1,R2:

B:
P1..P6:
A1,A2:

W:
F:
D:

SI:
S2:
CI:
C2:

sun
globar
N20
HBr

Ml
M 2 : source selector
cube comer reflectors
B e a m Splitter
parabolic mirrors
Apertures
G e window
Filter
Detector

^P3

Rl

Figure 3.10: Optical layout of the Bruker 120M spectrometer as used for spectral
measurements for ELS retrieval.

FTIR:

Bruker 120M

Source:

sun or globar

Resolution: 0.004cm-1
FOV:

1.5mrad

Filter:

N D S Cfilter3 (R-branch) or 4 (P-branch)

Detector:

InSb

# of scans:

4 for sun, 99 for globar

As part of its own spectrometer maintenance program, NIWA Lauder performs rou-

tine ILS checks for the Bruker 120M spectrometer with cell N20 measurements. Thes

spectra have been generously provided by Nicholas Jones. Spectra are acquired of

N20 2v2 band (»1160cm"1) with the HgCdTe detector and the N20 u3 band (^2200cm"1)
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with the InSb detector. The N 2 0 pressures and instrument parameters used are as follows:

FTIR:

Bruker 1 2 0 M

Detector:

HgCdTe

InSb

Band:

2v2

Source:

globar

vz
globar

Resolution (l/a:ma;c),cm"1:

0.00389

0.00389

F O V (mrad)

1.9

1.5

Filter:

NDSC #6

NDSC #4

# scans:

99

99

N 2 0 (torr):

«7.5

^0.15

3.5 ILS retrieval from HBr and N20 lines

The main criteria for selecting gases for use in ILS retrievals are high molecular
(narrow Doppler-broadened lines), and strong absorption lines. Strong absorption lines
are necessary to be able to use the gas at low enough pressures to ensure predominantly
Doppler broadened lines while maintaining absorption features which are suitably large
in comparison to the noise. H B r and N 2 0 are gases which meet these criteria and they
have been selected for use in ILS retrievals for this work.

3.5.1 HBr

HBr is a good choice of gas for ILS retrieval around 2450 and 2650cm"1. Reasons for
choosing H B r include:
1. simple vibration-rotation spectrum

with about 20cm" 1

spacing between

vibration-rotation lines
2. almost equal abundances of H 7 9 B r and H 8 1 Br; these isotopes have lines separated
by approximately 0.35cm"1, fortuitously providing twice the number of lines from
which to derive an ILS
3. due to the high molecular weight, the Doppler-broadened lines are narrow and
ensure good sensitivity to changes in the ILS function even for a full spectral
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Table 3.1: Spectral regions used in the ILS retrieval from solar/HBr measurements.
Isotope Line aiow
&high
H 79 Br

P5
P6
P7
P8
R4
R6
R7

2470.522
2451.635
2432.366
2412.622
2634.824
2661.875
2674.610

2470.650
2451.755
2432.426
2412.764
2634.971
2662.012
2674.857

H 79 Br

P5
P6
P7
P8
R5
R6

2470.874
2451.986
2432.670
2412.955
2649.037
2662.312

2471.002
2452.101
2432.798
2413.096
2649.129
2662.449

resolution of 0.004cm _1
4. there is no detectable vibration-rotation spectrum for H B r in the ground-based solar
F T T R spectra; it is possible to use H B r to measure the ILS function during a routine
solar spectrum acquisition.
5. the absorption lines are strong so only about 0.3torr of H B r is needed in a 5 c m cell
for ELS retrieval from the P5 to P 8 and R 4 to R 7 lines; this ensures that the pressure
broadening is negligible and that the lines are predominantly Doppler broadened.

HBr can be used for ELS retrievals from spectra with either a blackbody or the sun as
a light source. Tables 3.1 and 3.2 list the spectral windows selected for ILS retrievals
from H B r spectra using the sun and a blackbody, respectively, as a source. D u e to
interfering solar and atmospheric features, the number of H B r lines which can be used
for ILS retrieval in solar F T I R spectra is limited. For spectra taken with a blackbody as
a source, useful lines for ILS retrieval are limited more by the hyperfme splitting of the
H B r lines, the intensity of the absorption features, and noise.
Figures 3.11(a) to 3.11(h) show portions of the atmospheric spectrum surrounding
the H B r P 8 to P 5 and R 4 to R 7 lines and the contributions to the measured spectrum
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Table 3.2: Spectral regions used in the ILS retrieval from H B r lines using a globar as a
source.
a
Isotope Line Clow
high
H 81 Br

P5
P6
P7
P8
R4
R5
R6
R7

2470.405
2451.518
2432.219
2412.538
2634.698
2648.477
2661.766
2674.485

2410.162
2451.884
2432.554
2412.844
2635.103
2648.900
2662.183
2674.917

H 79 Br

P5
P6
P7
P8
R4
R5
R6
R7

2470.754
2451.862
2432.565
2412.869
2635.097
2648.881
2662.165
2674.921

2471.111
2452.228
2432.900
2413.175
2635.502
2649.303
2662.582
2675.352

from solar features and absorption features of various gases in the atmosphere and H B r

in the cell. All P5 to P8 lines (figures 3.11(a) to 3.11(d)) appear to be free eno

interferences to be suitable for ILS retrieval. In the R branch the H79Br R4 (fig 3

and H81Br R5 lines (fig 3.11(f)) are overlaid by methane lines and the H79Br R7 lin

(fig 3.11(h)) has a severely distorted continuum level due to an HDO absorption fe

these interferences prevent an accurate retrieval of an ILS function from these lin
pure solar spectra are taken from the ATMOS database, provided courtesy of Michael
Gunson of the ATMOS team.
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Figure 3.11a: Solar/atmospheric spectrum with an H B r cell in the path. The P8 lines
of H 7 9 B r and H 8 1 B r and the underlying absorption features present in the solar and
atmospheric spectrum are shown individually.

l-
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CH4
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Figure 3.11b: P7 lines of H 7 9 B r and H 8 1 B r as per fig 3.11(a)
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H20
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Wavenumber (cm 1 )
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Figure 3.11c: P6 lines of H 7 9 B r and H 8 1 Br as perfig3.11(a)
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Figure 3.lid: P5 lines of H 7 9 B r and H 8 1 Br as per fig 3.11(a)
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of H 7 9 Br and H 8 1 Br as perfig3.11(a)
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Figure 3.1 If: R 5 lines of H 7 9 Br and H 8 1 Br as perfig3.11(a)
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Figure 3.1 lg: R 6 lines of H 7 9 Br and H81i
Br as perfig3.11(a)
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2674.5
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Figure 3.1 lh: R 7 lines of H 7 9 Br and H 8 1 Br as perfig3.11(a)
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Figure 3.12 shows all ILS functions retrieved from the P 8 to P5 and R 4 to R 7 lines of

the H79Br and H81Br isotopes from a routine3 4-scan solar measurement with the Bomem

DA8 FTIR. This figure shows that even with the numerous features present in the so

spectrum, the retrieved ILS functions do not vary by more than would be expected b

solely on the signal-to-noise ratio in a pure HBr spectrum. (The contribution of noi

the uncertainty in the retrieved ILS can be estimated by analysing synthetic noisy sp
as in Section 3.2.3.) This suggests that the lines selected for the ILS measurement

sufficiently free of interferences to provide reliable ILS estimates. Although differ

optical filters were used in each branch, the ILS functions retrieved from the P a

R branches are very similar, suggesting that the optical filter does not alter the

substantially. The P branch of lines were recorded using NDSC filter 4 while the R
branch lines were recorded using NDSC filter 3.
Figure 3.13 shows the ideal and mean P and R-branch ILS functions for HBr. The

measured ELS functions from each branch are differ slightly, with the R-branch ILS b
slightly broader; this difference is due in part to the wavenumber dependence of the

3

Routine measurement conditions are described in Chapter 1.6 and Table 1.4
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300-

£>200CO

C

g 100-1

I
-100-

a-a0 (cm1)
(a) ILS functions from P lines of HBr, NDSC filter 4

a-a0 (cm-1)
(b) ILS functions from R lines of HBr, NDSC filter 3

Figure 3.12: ILS functions derived from the P5 to P8 and R4 to R7 lines of HBr in
solar/HBr spectra taken with N D S Cfilters3 and 4. In both cases the differences between
individual retrieved ILS functions can be attributed entirely to the noise in the spectra.
The spectra used were taken consecutively on the same day and although different filters
were used, the ILS functions are similar. ( B o m e m D A 8 )
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-.005

0
<3-o0 (cm"1)

5E-03

(a) Ideal ILS for P and R branches of H B r calculated at 2450 and 2650cm - 1

(b) Average retrieved ILS from P and R branches of H B r

Figure 3.13: (a) Ideal ILS for the P and R branches of H B r lines. There is a slight
but noticeable difference in the ILS due to the wavenumber dependency of the ILS.
(b) Average of the retrieved ILS functions in Figure 3.12. The difference between the
average P and R-branch ILS functions are due in part to the wavenumber dependence of
the ILS.
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3.5.2

N20

N20 may be used to determine the ILS function but has two immediate drawbacks
compared to HBr. One drawback is that it is a much lighter molecule than HBr and
therefore has a broader Doppler-limited width; this limits the application of the

deconvolution to instrument resolutions of about 0.005cm"1 and less for lines in t
u3 band around 2200cm-1. The second drawback of N20 is that it is present in the

atmosphere in sufficient quantities that it is impractical to make anN20 cell measu

during a routine solar measurement. N20 does have some advantageous characteristics

there are strong bands throughout the mid-infrared region so it may be possible to

single cell to make ELS measurements at various frequencies. Of particular interes

the N20 u3 band, which can be used for cross-checking of the ILS functions retrieve
from the HBr P lines around 2440 to 2480cm"1, and the N20 2v2 band around 1150cm"1
which is convenient for measuring the ELS function for the HgCdTe detector region
is also near some ozone lines. At 1150cm"1 the Doppler broadening of the N20 lines

is narrow enough to permit the application of the Fourier deconvolution to spectra

0.004cm"1 resolution. The proximity to ozone lines makes it possible to use the re
ILS function in the retrieval of ozone total column amounts and VMR profiles from
nearby lines, a topic which is discussed in Chapter 6.
Table 3.3 lists the spectral regions used for the ILS retrieval from N20 lines.
Figure 3.14 is an N20 spectrum taken with the Bruker 120M spectrometer at NIWA,
Lauder. The conditions of the measurement are as follows:
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Figure 3.14: The 2v2 band of the N 2 0 spectrum in the HgCdTe detector region from
which an ELS can be derived. The measurement was made on a Bruker 120M and was
provided courtesy of N I W A Lauder.

Resolution {l/xmax):

0.00389 c m - 1

Collimator focal length:

220mm

Aperture diameter:

0.85mm

Cell:

10cm length, CaF 2 windows

N 2 0 pressure:

1.13torr

Scans:

198

Figure 3.15 shows the ILS functions retrieved from lines in the spectrum of fig.
The retrieved ILS is reproducible from line to line, as expected.
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5E-03
1

G-G0 (cm" )
Figure 3.15: ELS functions derived from 11 selected lines in the spectrum of Figure 3.14.
The deviation between individual ELS estimates can be attributed entirely to the noise in
the spectrum. (Bruker 120M)

Table 3.3: Spectral regions used for the retrieval of the ILS function from N 2 0 cell
spectra.
Band
2vo

vz

Resolution (cm x ) a\
&high
1154.001 1154.281
0.004
1154.796 1155.076
1155.618 1155.898
1156.441 1156.721
1157.242 1157.522
1158.062 1158.342
1158.883 1159.163
1159.699 1159.979
1160.502 1160.802
1161.349 1161.629
1162.196 1162.476
2227.736 2227.940
0.005
2238.248 2238.445
2246.182 2246.368
2246.805 2246.992

93

3.6

Comparison

of ILS retrieval algorithms

3.6.1 Method

While the Fourier deconvolution method for ILS retrieval was being developed at
Wollongong University, Frank Hase of the Institut fur Meteorologie und Klimaforschung

and the University of Karlsruhe was developing a very different technique for estimati

the ELS function; this technique is described by Hose et al. [1999]. The analysis progr
is named Linefit and is being used by a number of groups to retrieve the ILS for their

respective spectrometers. Linefit is in essence a spectral fitting routine which model
true ELS in the OPD domain using an ILS amplitude and phase function. The amplitude
and phase functions are each represented by 20 points equally spaced from x — 0 to
x = Xmax and these functions are assumed to vary linearly between points [Hase et al.,
1999]. The ELS in the OPD domain is retrieved by adjusting the values at each point in
the amplitude and phase functions in accordance with imposed restraints and in such a
way as to minimise the residual of the fit [Hase et al., 1999].
In this section the Linefit and Fourier deconvolution algorithms are compared in a

variety of situations. In the first two tests the algorithms are made to analyse synth

spectra with a known distorted ILS. In the following three tests real spectra are used.
The aim of the first part of the comparison is to test the Fourier deconvolution and

Linefit methods under ideal conditions to establish that both methods yield the expect

results. For this purpose, synthetic spectra of the P5 to P8 lines of HBr with no nois

a known distorted ELS due to a theoretical aperture offset were generated; the conditi
used in the synthesis of the spectra are as follows:
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Collimator focal length

325mm

Resolution

0.004cm -1

Aperture diameter

0.8mm

Aperture offset

0.2mm

Cell length

5cm

H B r pressure (torr)

0.3

The retrieved ILS functions are compared against the known ILS function and the re-

trieved absorber amounts are compared with absorber amounts retrieved using the ideal
and true ELS functions.
The aim of the second part of the comparison was to determine how well the Fourier

deconvolution and Linefit methods estimate the ILS when some noise was introduced int

the spectrum. In this test, synthetic spectra of the P5 to P8 lines of HBr were gener

as in part 1 but with noise added at a signal-to-noise ratio of 800:1. The retrieved,

and true ELS functions were compared with each other and then used in the retrieval o
the absorber amount for all lines used in the ILS retrieval.
The third to fifth parts of the comparison test the agreement between the Fourier
deconvolution and Linefit methods using measured spectra. The aim is to verify that

the Fourier deconvolution and Linefit methods yield consistent results with actual me
surements. The ELS functions are retrieved from the P5 to P8 lines of HBr and the

retrieved ELS functions are used to retrieve absorber amounts from the PI to P4 lines
of HBr. Since the P5 to P8 lines were used for the ILS retrieval, the PI to P4 lines
used in the absorber amount retrieval to eliminate any possible bias which may come

about from applying the retrieved ILS to the analysis of the same lines from which th
were retrieved. In the third part of the comparison, the spectrum used was measured
with a Bomem DA8 FTIR spectrometer (fig. 3.9), which is the spectrometer situated at

Wollongong. In the fourth part of the comparison, the spectrum used was measured with
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Bruker 1 2 0 M FTIR spectrometer (fig. 3.10), which is a different design from the B o m e m
DA8 and is the spectrometer which is more commonly used by members of the NDSC

for solar/FTIR measurements. In the fifth part of the comparison, the spectrum used wa
measured with a poorly adjusted Bomem DA8; this tests the agreement of the Fourier
deconvolution and Linefit methods in an extreme case.
To compare the output of Linefit with that of the Fourier deconvolution routine, it

was necessary to derive the Linefit amplitude and phase functions from the ILS output

linefit. The ILS was first shifted so that the peak was centred on zero wavenumbers; t

eliminated any significant slope offset in the phase function. The ILS was then Fourie
transformed and the amplitude and phase functions were calculated. Thus the amplitude

and phase functions of Linefit which are presented are interpolated between the origi

20 points and are smoothed. The ringing which may be noticed at the end of the functio
are an artefact of the Fourier transform.

3.6.2 Part 1 Results

To test the Linefit and the Fourier deconvolution methods under ideal conditions, thes

DLS retrieval routines are applied to synthetic spectra which were calculated with MAL

Figure 3.16 shows the retrieved ILS functions and the true DLS function; the retrieved
DLS functions are indistinguishable in and around the ILS peak but differ noticeably

wings of the ILS function due to the ILS weighting imposed by the Fourier deconvolutio

method. This weighting makes the retrieval algorithm stable with respect to noise but

retrieved DLS will converge to the ideal ILS in the wings. If the ILS function is Four
transformed and the phase and amplitude functions of the transform are graphed, small

differences are more easily discerned. Figures 3.17(a) and 3.17(b) show the amplitude
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Figure 3.16: The ILS functions retrieved by Fourier deconvolution and Linefit under ideal
conditions are indistinguishable in and around the ILS peak but differ in the wings due to
the different restrictions imposed by each ILS retrieval method.

and phase functions corresponding to the ideal, true, and retrieved ILS functions. It

can be seen from these figures that Linefit does a very good job of estimating both the

amplitude and phase functions of the true ILS although there is some noticeable deviati
in the phase function at large values of OPD. Figure 3.17(a) shows that the amplitude

function of the ILS retrieved using Fourier deconvolution begins to deviate noticeably
OPD values above 200cm and Figure 3.17(b) shows that the deconvolution yields a phase

function that differs noticeably from the true phase function throughout most values of

OPD.
Absorber amounts are derived from the same synthetic spectra used to derive the ILS

functions. The absorber amounts are retrieved using a classic least squares (CLS) rout

and calibration spectra generated with the ideal, true, and retrieved line shape functi
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Figure 3.17: Amplitude and phase functions of the true ILS and retrieved ILS functions
derived by Fourier deconvolution and Linefit from synthetic spectra with no noise.
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Table 3.4: Errors in absorber amount retrieval relative to amounts retrieved using the true
DLS function. (Model spectra with no noise.)

Error in absorber amout retrieval
Isotope Line Ideal ILS Deconv.
H 7 9 Br P5
-7.54
0.00
P6
-7.92
0.02
P7
-8.09
0.03
P8
-8.17
0.04
81
H Br P5
-7.57
0.00
-7.91
P6
0.02
P7
-8.06
0.03
P8
-8.14
0.04

(%)
Linefit
0.05
0.07
0.09
0.11
0.05
0.07
0.09
0.10

Table 3.4 shows the percentage errors in the absorber amount retrievals relative to the
amounts retrieved using the true ILS function.
Using the ideal ELS to retrieve the absorber amount yielded values which were about
8% low. Using the DLS functions determined by the Fourier deconvolution and Linefit
methods yielded values which agreed very well with each other and with the values ob-

tained using the true ELS function, demonstrating that under ideal conditions (no int

ing spectral features, flat continuum level, and no noise), both the Fourier deconvolu
and Linefit methods for ILS retrieval produce accurate ILS estimates.

3.6.3 Part 2 Results

To test the response of the Fourier deconvolution and Linefit ILS retrieval methods to

noise, DLS functions were retrieved from synthetic noisy spectra as previously describ

This exercise tests the ability of the ILS retrieval algorithms to produce an estimat
true ILS from a spectrum with a signal-to-noise ratio typical of a solar measurement.
Figure 3.18(a) is a plot of the amplitude functions from the retrieved ILS functions
and the true ILS function. Both Linefit and the Fourier deconvolution method yield a
good estimate of the amplitude function of the ILS for most values of OPD and begin
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to diverge from the true amplitude function at large O P D s , which is expected due to the
poorer signal-to-noise ratio at larger OPDs.
Figure 3.18(b) is a plot of the phase functions of the true and the retrieved ILS

functions. As in the case of the noiseless spectrum in Part 1, the phase function retr

by Fourier deconvolution is a smooth function which deviates slightly from the true ph
function over most values of OPD. The phase function retrieved by Linefit follows the

true phase function very closely and begins to deviate at an OPD of about 140. Both IL

retrieval algorithms do a good job of retrieving the ILS function despite the noise in
spectrum.

The ideal, true, and retrieved ILS functions are used to retrieve absorber amounts fro
the lines which were used for the ELS retrieval. Table 3.5 gives the percentage error
absorber amount retrievals relative to the values obtained with the true ILS. Despite

noise in the spectrum and the large distortion of the ILS due to the aperture offset u

in the trial, both the Fourier deconvolution and Linefit methods of ILS retrieval prov

ELS estimates which are in excellent agreement with each other and with the actual ILS

This is reflected in the small relative errors in the retrieved absorber amounts betwe
retrievals using the measured ILS functions.

3.6.4 Part 3 Results

To test the agreement between the Fourier deconvolution and Linefit ILS retrieval tech
niques on actual measurements, ILS functions were retrieved from an HBr cell spectrum
measured with a Bomem DA8 FTIR spectrometer at 0.004cm-1 resolution with NDSC

filter 4, a beam divergence of 1.2mrad, and a sealed HBr cell. The cell had 0.3torr of

HBr. The P5 to P8 lines of HBr were used in the ILS retrieval. The ideal and retrieved
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Figure 3.18: Amplitude and phase functions of the true ILS and retrieved ILS functions
derived by Fourier deconvolution and Linefit from synthetic spectra with a signal-to-n
ratio of 800:1.
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Table 3.5: Percentage errors in the absorber amount retrievals relative to values retrieved
using the true ILS function. (Model spectra with noise.)

Relative error in absorber amount estimate (%)
Isotope Line Ideal ILS Deconv. Linefit
H79Br
P5
-7.80
-0.21
-0.42
P6
-8.21
-0.19
-0.39
P7
-8.34
-0.18
-0.36
P8
-8.53
-0.17
-0.34
81
H Br
P5
-7.84
-0.21
-0.42
P6
-8.18
-0.20
-0.39
P7
-8.36
-0.18
-0.36
P8
-8.46
-0.17
-0.34

ILS functions were used to retrieve H B r amounts from the P 4 to PI lines of the same H B r
spectrum and the retrieved amounts were compared to the values retrieved using the ILS
determined from Fourier deconvolution.
Figure 3.19 shows the ILS functions retrieved; the two retrieved ILS functions differ

slightly around the peak and right wing. Figure 3.20(a) shows the amplitude functions of
the ideal ILS and the retrieved D.S functions. The amplitude functions of the retrieved

DLS functions deviate significantly from that of the ideal ILS and have a slight periodi
modulation. This periodic variation in the amplitude suggests the presence of even symmetry ghosts in the spectrum; however, such ghosts are not discernible in the spectrum.
Figure 3.20(b) shows the phase functions of the ideal and the retrieved ILS functions.
Both Linefit and the Fourier deconvolution methods indicate periodic modulation of the
phase function, which suggests the presence of odd symmetry ghosts in the spectrum.
However, these ghosts are not readily identified in the spectrum due to the noise.
Table 3.6 shows the retrieved absorber amounts and the errors relative to the amounts

retrieved using the ILS from Fourier deconvolution. For the analysis with the ideal ILS,
the error varies from around -2 to -6.5%. Qualitatively, the errors in the analysis of
lower-J lines are lower than the errors in the analysis of higher-J lines because the
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Figure 3.19: ILS functions retrieved by Fourier deconvolution and Linefit from an H B r
spectrum measured with a B o m e m D A 8 F T I R spectrometer.

hyperfme splitting results in an effectively broader line which would be less sensitive to

variations in the DLS function. The values retrieved using the ILS derived by Linefit a

consistently higher by about 0.4 to 0.6%, which is in contrast to the results of Part 2
the algorithm comparison in which Linefit yielded results which were about 0.2% lower
than those obtained via the Fourier deconvolution method when noise was introduced.

This discrepancy is due to the more pronounced short-period variations in the amplitude

and phase spectrum obtained by Linefit. Although the variations coincide roughly with a
known problem with the DA8 scan mechanism, the possibility that these oscillations are
an artefact of the ILS retrieval algorithm cannot be ruled out.
Assuming that the short-period oscillations observed in the amplitude and phase func-

tions retrieved by Linefit are real, such oscillations will not be disclosed by the Fo

deconvolution routine due to the filtering imposed by the ILS weighting. To demonstrate
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Figure 3.20: Amplitude and phase functions of the ideal and retrieved ILS functions
derived by Fourier deconvolution and Linefit, and a weighted (smoothed) ILS derived by
Linefit. ILS functions are derived from a spectrum measured with a B o m e m D A - 8 FTIR
spectrometer.
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Table 3.6: Retrieved H B r amounts using the ideal ILS and ILS functions retrieved by the
Linefit and Fourier Deconvolution methods. Percentage errors are calculated relative to
H B r amounts retrieved using the ILS estimated by Fourier deconvolution.
% Error vs, Deconvolution
Retrieved H B r amounts (torr):
Isotope Line Ideal ILS Deconv. Linefit Ideal ILS Linefit
H79Br

PI
P2
P3
P4

0.2749
0.2684
0.2651
0.2622

0.2815
0.2801
0.2798
0.2809

0.2827
0.2815
0.2813
0.2825

-2.36
-4.15
-5.26
-6.65

0.42
0.50
0.56
0.59

H81Br

PI
P2
P3
P4

0.2751
0.2718
0.2662
0.2646

0.2814
0.2830
0.2815
0.2832

0.2828 -2.27
0.2845 -3.95
0.2830 -5.44
0.2849 -6.57

0.49
0.52
0.56
0.59

this, the ILS retrieved by Linefit is subjected to the same ILS weighting used in the

Fourier deconvolution routine; the resulting amplitude and phase functions are plott
in Figures 3.20(a) and 3.20(b) as "Linefit (smoothed)". The PI to P4 lines are reanalysed with this new weighted ILS. Table 3.7 shows the absorber amounts retrieved

in this re-analysis and the errors relative to the values retrieved with the ILS der

Fourier deconvolution. These new values agree to within 0.2%, which indicates that t

fLS weighting does play a significant role in constraining the retrieved ILS and tha

supresses high frequency oscillations in the phase and amplitude functions of the IL

which are associated with ghosts that are well separated from the spectral line. Des

this apparent difference in the constraints imposed by the two ILS retrieval algorit
Linefit and the Fourier deconvolution routine still yield results which are in much

agreement with each other than with the ideal ILS. This strengthens confidence in th
ability of both algorithms to derive reasonable ILS estimates from a real spectrum.
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Table 3.7: Results of the re-analysis of the PI to P 4 lines using a weighted Linefit ILS.
The percentage error is calculated relative to the H B r amount retrieved using the ILS
estimated by Fourier deconvolution.

Isotope Line H B r (torr)
H 7 9 Br
PI
0.2819
P2
0.2805
P3
0.2803
P4
0.2813
81
H Br
PI
0.2819
P2
0.2835
P3
0.2820
P4
0.2837

%error
0.15
0.17
0.18
0.17
0.15
0.17
0.18
0.18

3.6.5 Part 4 Results
An HBr spectrum was obtained with a Bruker 120M FTIR spectrometer at 0.00389cm_1

resolution, NDSC filter 4, a beam divergence of 1.5mrad, and the sealed HBr cell whic

was used in the spectrum analysed in part 3 of this algorithm comparison. The spectru

was analysed via the Linefit and Fourier deconvolution methods and ILS functions were

retrieved from the P5 to P8 lines of HBr. The retrieved ILS functions and the ideal I

function were then used to analyse the PI to P4 lines of HBr to retrieve the HBr amou
Figure 3.21 shows the retrieved ILS functions; the two ILS functions differ slightly

at the peak. Figure 3.22(a) shows the amplitude functions for the ideal and retrieve

functions. The amplitude functions retrieved by Linefit and the Fourier deconvolution
method are in very good agreement and both differ significantly from the amplitude

function of the ideal ILS. Figure 3.22(b) shows the phase functions for the ideal and
retrieved ILS functions. Linefit and the Fourier deconvolution method are in fairly
agreement.
Table 3.8 shows the percentage error in the absorber amounts as retrieved using the

ideal DLS and Linefit ILS relative to the amounts retrieved using the D.S as determin
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Figure 3.21: D.S functions retrieved from a spectrum measured with a Bruker 1 2 0 M
FTIR spectrometer.

Table 3.8: HBr amounts and relative percentage errors retrieved using the ideal ILS
the ILS functions derived by Fourier deconvolution (F.D.) and Linefit.
% Error relative to F.D.
Retrieved H B r (torr)
Linefit Ideal
Linefit
FD
Isotope Line Ideal
H79Br

H81Br

PI
P2
P3
P4
PI
P2
P3
P4

0.2727
0.2645
0.2573
0.2510

0.2851
0.2856
0.2862
0.2852

0.2833
0.2839
0.2846
0.2837

-4.35
-7.40
-10.10
-12.00

-0.63
-0.58
-0.55
-0.54

0.2697
0.2640
0.2572
0.2525

0.2840
0.2857
0.2874
0.2870

0.2823
0.2841
0.2859
0.2854

-5.05
-7.62
-10.48
-12.01

-0.61
-0.56
-0.53
-0.53

by Fourier deconvolution. The amounts retrieved using the ideal ILS are low by about 5

to 12% while the amounts retrieved using the ILS determined by Linefit agree with t
retrieved using the Fourier deconvolution ILS to within 0.7%.
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Figure 3.22: Amplitude and phase functions of the ideal ILS and retrieved ILS functions
derived by Fourier deconvolution and Linefit from a spectrum measured with a Bruker
1 2 0 M FTIR spectrometer.

108

3.6.6 Part 5 Results

An HBr spectrum was analysed with Linefit and the Fourier deconvolution method to
estimate the ILS. The spectrum analysed is known to be a bad spectrum with clear
evidence of both odd and even symmetry ghosts. The ideal and retrieved ILS functions

were used in the analysis of the absorber amounts and the results were all compared to
the values obtained using the ILS derived from Fourier deconvolution.
Figure 3.23 shows the ILS functions retrieved; in this case, the Fourier deconvolution and Linefit methods yield markedly different results. Figure 3.24(a) shows the

amplitude functions for the ideal and retrieved ILS functions. Both retrieved functions
differ considerably from the ideal function and from each other. Figure 3.24(b) shows

the phase functions for the ideal and retrieved DLS functions; all three functions diff
considerably from each other. Between Linefit and the Fourier deconvolution method the

phase functions resemble each other in the general shape but the Linefit phase functio
differs considerably in places and has a very strong short-period variation.
Table 3.9 shows the retrieved absorber amounts and their percentage difference rela-

tive to the amounts retrieved using the ILS determined by Fourier deconvolution. In thi

case the results obtained via Linefit and the Fourier deconvolution methods are in mar
disagreement. Once again the main cause of the disagreement is the ILS weighting

performed by the Fourier deconvolution software and the evidence for this can be found

in the residuals to the spectral fit. Figure 3.25 shows a P4 of H81Br line which was fi

and, from top to bottom, the residual to the fit using the ideal, Fourier deconvolution

and Linefit ILS functions. The fit with the ideal ILS clearly shows even-symmetry ghost
about 0.04cm-1 from the line centre and odd-symmetry ghosts centred about 0.005cm-1
from the line centre. The ILS function determined by Fourier deconvolution models the
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Figure 3.23: ILS functions retrieved from an H B r spectrum measured with a severely
misaligned Bomem DA8 FTIR spectrometer.

odd-symmetry ghosts fairly well but there are still some remaining features further a
at about 0.009cm-1 from the line centre. These further features are not well modeled

due to the ILS weighting. The ILS determined by Linefit does a better job of modellin
the odd-symmetry ghosts at 0.005cm-1 from the line centre as well as the features at
0.009cm-1 from the line centre. The Linefit ILS also seems to introduce extra even-

symmetry features near the ghosts at 0.04cm-1 from the line centre. These two distinct

differences in the residual fits which are brought about by the differences in the re

ILS functions account for the large difference between the HBr amounts retrieved usin

the ILS functions determined by Linefit and Fourier deconvolution; the area of the ma

spectral feature decreases as the area of the even-symmetry ghosts increases and sinc
the ILS retrieved by Fourier deconvolution does not reflect the even-symmetry ghosts

which are well-resolved from the parent line, the absorber amount retrieved using the
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Figure 3.24: Amplitude and phase functions of the ideal and retrieved ILS functions
derived by Fourier deconvolution and Linefit from a spectrum measured with a B o m e m
D A - 8 FTIR spectrometer which was severely misaligned.
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Table 3.9: H B r amounts and relative percentage errors retrieved using the ideal ILS and
the ILS functions derived by Fourier deconvolution (F.D.) and Linefit.
Retrieved H B r (torr)
%Error relative to F.D.
F.D.
Isotope Line Ideal
Linefit Ideal Linefit
H79Br

PI
P2
P3
P4

0.2579
0.2564
0.2554
0.2536

0.2622
0.2606
0.2603
0.2587

0.2860 -1.66 9.05
0.2860 -1.62 9.74
0.2879 -1.89 10.59
0.2873 -1.96 11.04

H81Br

PI
P2
P3
P4

0.2578
0.2606
0.2562
0.2586

0.2623
0.2648
0.2611
0.2636

0.2867 -1.70 9.32
0.2909 -1.60 9.83
0.2887 -1.86 10.60
0.2926 -1.89 11.02

ILS estimated by Fourier deconvolution will be lower than that retrieved using the Linefit

ELS by an amount proportional to the unfitted even-symmetry ghosts. Neither of the I
retrieval algorithms model the ghosts which appear at 0.04cm_1 from the line centre
to the respective constraints imposed by each ILS retrieval algorithm.

3.6.7 Comments

and conclusions

In a synthetic spectrum without noise, Linefit and the Fourier deconvolution yield a

sorber amounts which agree to within 0.1% of the absorber amounts as determined with
the known DLS, demonstrating an excellent agreement between the two algorithms and
the capability of the two algorithms to retrieve the ILS under ideal conditions.
For a synthetic spectrum with noise, Linefit and Fourier deconvolution both lead to

retrieved absorber amounts which are in close agreement with each other and the amou
retrieved using the known ILS. Using the ILS retrieved by Fourier deconvolution and
Linefit both yielded results which were low by less than 0.5% of the known absorber

amount; in comparison, assuming the ideal ILS yielded values about 8% lower than the
known absorber amount. This demonstrates that the Linefit and Fourier deconvolution

methods for DLS retrieval yield results which are consistent with each other even in
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Figure 3.25: Residuals to thefitof the H 8 1 Br P4 line using the ideal ILS and the
ILS functions retrieved by Fourier deconvolution and Linefit. (Severely misaligned
spectrometer)
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presence of noise.

In the application of the retrieval methods to real spectra with imperfect but reasona

line shapes, the retrieved ILS functions are visually very similar but the amplitude a

phase functions of these ILS functions may differ markedly in the amplitude of a super

posed short-period variation. The ILS weighting performed in the Fourier deconvolution
routine smoothes out short-period variations in the phase and amplitude functions and
smoothing may account for small differences (< 1%) in the absorber amounts retrieved
using ILS functions determined by the Linefit and Fourier deconvolution methods.
When a spectrum with a very poor ILS and severe ghosting is analysed by Linefit

and Fourier deconvolution there are significant differences in the retrieved ILS funct
which result in large differences in the retrieved absorber amounts. The differences

in the retrieved ILS functions can be attributed chiefly to the constraints used by ea
algorithm. The constraints imposed in the Fourier deconvolution and Linefit prevent
modelling of ghosts which are well separated from the main line and these constraints

more rigid for the Fourier deconvolution algorithm than for Linefit. This extreme case

emphasises the fact that although the ILS can be retrieved and used to improve absorbe
amount retrievals, this method is best employed to compensate for small spectrometer
misalignments and there is no substitute for a well-adjusted spectrometer.
The Linefit and Fourier deconvolution methods for retrieving the ILS function both

provide excellent estimates of the true ILS function. For the two real spectra with rea
sonable line shapes which were analysed here, Linefit and the Fourier deconvolution
yielded results which agree to within 0.7% of each other in contrast to the 2 to 12%

difference with respect to the absorber amounts retrieved using the ideal ILS. Both IL
retrieval methods can improve the analysis of spectra significantly especially in the
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of high-resolution spectroscopy where it is a more difficult task to align the instrument
well enough to produce an ELS which is close to the ideal.

3.1 Summary

The concept of the Fourier deconvolution method for ILS retrieval was developed and
limitations of the technique were discussed and demonstrated and explored using synthesised spectra. The Fourier deconvolution method was adapted for the analysis of
real spectra and ELS functions were retrieved from measured HBr and N20 spectra;
wavenumber regions were selected for DLS retrievals under various circumstances (HBr

spectra with the sun or a globar as source, and N20 spectra with a globar source). Th

functions retrieved from multiple lines in each spectrum agreed with each other with

limits expected of the noise levels; this demonstrated that ILS functions could be re
retrieved from these measured spectra.
The Fourier deconvolution method was compared with the independently developed

Linefit method [Hase et al., 1999] on a variety of synthetic and measured spectra. It

been demonstrated that these two very different approaches to ILS retrieval yield re
which are in close agreement with each other for spectra with a reasonable ILS.
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Chapter 4
INSTRUMENT LINE SHAPE (ILS) CROSS-CHECKING
METHODS

Experimental conditions under which ILS functions are measured are not necessarily
the same as those under which routine spectra are measured. Since variations in mea-

surement conditions may result in variations in the ILS, a measured ILS which is to be
used in the analysis of spectra measured under different conditions must be subjected

cross-checking procedures to ensure that the retrieved ILS is a reasonable estimate of
true ILS under those conditions.
Measurements of the DLS have been performed with N20 and HBr cells. The
conditions under which these measurements were made and the methods by which it
can be established that the retrieved ILS is a good estimate of the true ILS during
routine solar FTIR measurements are discussed here along with the requirement of ILS
self-consistency. Before an ILS can be used for any purpose, self-consistency must

be established to ascertain that the retrieved ILS is not biased due to shortcomings o

the retrieval method or errors in the line parameters; in essence, if the retrieved EL

assumed to be the true ILS then analyses using the retrieved ILS should not yield resu
which contradict this assumption1 .
After rigorous cross-checking of retrieved ILS functions there still remains some

1

Historically, it was an inconsistency in the retrieved ILS which led to the calculation of new vibratio

rotation line parameters for HBr; the calculation of these line parameters is treated in depth in Chapter

question as to h o w m u c h the ILS varies over periods of hours to weeks and months. Such
variability m a y arise from factors such as thermal expansion within the spectrometer, sun
tracker performance, mechanical wear, and ageing of components. The variability of the
ILS with time will determine h o w often ILS measurements will be necessary to ensure the
availability of the best ILS estimates for the analysis of data. This topic will be discussed
in more detail later in this chapter.

4.1 ILS self-consistency

Basically, ILS self-consistency involves meeting the following criteria:
1. ELS functions retrieved from nearby lines of the same gas species should not vary
by more than can be ascribed to noise.
2. ELS functions retrieved from nearby lines of different gas species should not vary
by more than what can be attributed to noise.
3. Using the retrieved ILS tofitlines in the spectrum from which the ILS was retrieved
or in the spectrum of a gas which was measured simultaneously with the spectrum
from which the ILS w a s retrieved should improve the spectral fit.

Item 1 above has already been demonstrated in Chapter 3, first in a model test (Fig.
and then with actual measurements (Fig. 3.12).
To demonstrate Item 2, a spectrum was measured on the B o m e m D A 8 spectrometer
with an N 2 0 cell and an H B r cell in the optical train. Referring to Figure 3.9, the H B r
cell was placed in the position labelled Cell 1 and the N 2 0 cell was placed in the position
labelled Cell 2. The N 2 0 cell was a glass cell 5 c m in length, 2.5cm in diameter, and had
plane-parallel NaCl windows which were glued on. The cell wasfilledwith N 2 0 and
then subjected to multiple expansions into afixedvolume to reduce the pressure to about
0.015torr. The spectrum w a s measured with the following instrument parameters:
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Source:

globar

Resolution:

0.006cm-1

FOV:

1.2mrad

Filter:

N D S Cfilter4

{l/xmax)

Detector: InSb
# of scans:

49

Figure 4.1 shows the average ILS functions retrieved from HBr (P5 to P8 lines) and

N20 (four lines of the v3 band specified in Table 3.3). Although there is a 200cm-1 d

ference between the HBr and N20 lines used to determine the ILS, simulations suggest
that the expected ILS functions do not vary significantly over the spectral region.
retrieved ILS functions agree to within the noise limits of the estimates, with the

ences in individual ELS measurements from a particular gas exceeding the difference

between the average ELS measurements for the two gases. This is in agreement with t

assumption that the ILS functions retrieved from the two gases should not be signif
different.
To demonstrate Item 3 above, the DLS function was estimated from an HBr spectrum

measured with a globar source on a Bomem DA8 spectrometer. The estimated ILS is the
mean ELS retrieved from the P8 to P5 lines of HBr. The estimated ILS was then used

to fit the H79Br P4 and PI lines. Figure 4.2 shows the P4 and PI lines of H79Br fitte
using the ideal and measured ILS functions. In both cases the fit improved visibly.

improvement in the fits support the assumption that the retrieved ILS is a good est
of the true ILS.

4.2 N2 O cell measurements

Most of the N20 measurements used in this work are from the Bruker 120M at NIWA
Lauder. The typical measurement conditions are given in Section 3.4. Referring back
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Figure 4.1: B o m e m D A 8 DLS functions retrieved from H B r lines and N 2 0 lines at
0.006cm -1 resolution. The DJS functions do not differ significantly, which is as expected.

Fig. 3.10, the 10cm N 2 0 cell is placed in the position marked CI. The cell cannot be filled

with N20 during routine solar measurements because the spectral features of the N20 in

the cell will interfere with the spectral features of atmospheric N20; therefore the c

must either be evacuated and filled with an appropriate buffer gas during the aquisit

solar spectra, or preferably removed from the optical train altogether. Thus it would
valuable to prove that removing the N20 cell does not alter the ILS. This can be done

making spectral measurements with a globar as a source and introducing an HBr cell int
position C2 (Fig. 3.10). One measurement is made with the HBr cell only and a second
measurement is made with both the HBr and N20 cell in place. ILS functions are then
retrieved from the HBr spectra in both measurements and these ILS functions are then

compared. If the variations in the retrieved ILS functions do not exceed the variation

expected due to noise in the spectra, then it is reasonable to assume that the N20 cel
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Figure 4.2: Fits to the PI and P 4 lines of H 7 9 B r lines using the ideal and retrieved ILS
functions. The plots show h o w using the retrieved ILS function improves the spectral fits.
(Bomem DA8)

does not alter the ILS. D u e to the frequency dependent nature of the ILS, distortions are
generally less severe for lower wavenumbers. If the introduction of an N20 cell does
not affect the ILS as measured with HBr v = 1 <— 0 lines, then the N20 cell will not
introduce any DLS distortions in the region around 1140-1170cm-1 which is a region of

interest in ozone profile retrievals, the details of which will be discussed in Chapter
Figure 4.3 shows average ILS functions retrieved from the P5 to P8 lines of HBr

before and after the insertion of the N20-filled ILS calibration cell. The two ILS estimates have peaks which agree to within 1% of each other; the standard deviation of the
individual ILS peaks comprising each estimate is of the order of 4%. This demonstrates
that within the noise limits of the measurements, the ILS does not vary significantly
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Figure 4.3: Bruker 120M ILS functions retrieved from HBr lines with and without
the N 2 0 cell in the beam, demonstrating that the insertion of the N 2 0 cell does not
significantly alter the ILS.

when the N20 cell is introduced. The difference in the wings is more pronounced than

the difference at the peak but it is still much smaller than the deviation between in

ILS estimates; furthermore, the signal-to-noise ratio in the wings is much poorer tha

the peak and it is reasonable to expect the estimates of the wings to be more suscepti
to noise.
As previously mentioned, an N20 cell cannot be in place during routine solar measurements because the cell N20 and atmospheric N20 features will interfere with each
other. As a consequence of this, N20 cell measurements must be done with a globar

source and it must be established that the ILS derived with the globar as a source doe

not vary significantly from the ILS derived with the sun as a source. Since the N20 cel

cannot be used to establish that the ILS functions are essentially the same with a gl
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or the sun as a source, H B r measurements are used to establish this. Referring back to
Figure 3.10, the HBr cell is placed in position C2 and a germanium window is placed

in the position W. Two measurements are then made, one with the sun as the source and

one with the globar as the source. The ILS functions are retrieved from the HBr line

compared. If the ILS functions do not vary significantly between the two measurements

then it is reasonable to assume that the ILS does not vary significantly between the
different sources.
Figure 4.4 shows the average ILS functions retrieved from the HBr P7-P5 lines with
a blackbody and the sun as a source. The spectra were taken with the Bruker 120M
spectrometer at NIWA Lauder. The spectra were taken with a resolution of 0.0039cm-1

and an entrance aperture of 0.65mm. In both cases the InSb detector was used. For the

solar spectrum only four scans were coadded and for the globar spectrum 45 scans were
coadded. The germanium window was present in both measurements and is essential for
the measurement in which the sun was used as a source because it blocks UV radiation
which would otherwise irreversibly photolyse the HBr in the cell. The retrieved ILS

functions are almost identical, except for the wings. These two estimates agree to wi
the noise limits of the measurements; the visible discrepancies are smaller than the
discrepancies in the individual ELS measurements which comprise each estimate.
Since it can be demonstrated that DLS(globar)=ILS(sun) and that the N20 cell does

not affect the ILS at around 2440cm-1 and lower, it can be reasonably assumed that an
ILS estimate can be retrieved from N20 lines in the 2v2 band (around 1150cm-1) using

an N20 cell and a globar source and that the ILS estimate will be representative of t
true DLS at 1140cm-1 during routine solar measurements.
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Figure 4.4: Bruker 1 2 0 M ILS functions retrieved from H B r lines with the sun and a
globar as sources, demonstrating that the ILS does not vary significantly between having
the sun and a globar as a source.

4.3 HBr cell measurements

When using HBr to measure ILS functions, the HBr cell may be left in the optical tra

during routine solar measurements with NDSC filters 3 and 4. However, signal-to-nois

ratio is degraded when the cell is left in the optical train because each sapphire w
reflects a large amount of the light (typically around 20% per window). In addition

degradation by reflection, measurements below about 1800cm-1 are further degraded due

to absorption by the sapphire windows. It is therefore desirable to demonstrate that

ILS is not changed by the presence or absence of the HBr cell. For this purpose an N

cell is employed and two spectra are measured, one with only the N20 cell in the bea

and the second with both the N20 and HBr cells in the beam. Unfortunately, due to th
absorption of the sapphire windows below 1800cm-1, the ILS has to be derived from
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the i/3 band of N 2 0 using lines around 2 2 0 0 c m - 1 which limits the m a x i m u m resolution
at which the ILS can be retrieved to about 0.005cm-1 resolution. Despite the need to

measure at slightly poorer resolution, other instrument parameters such as aperture s

and amplifier gain should be kept at the values used during routine solar measurement

The number of scans may be varied to achieve better signal-to-noise ratio; in princip

increasing the number of scans should not affect the ILS in any way other than to imp

the ILS estimate by reducing the noise. The spectral regions within the N20 v3 band fr

which the ILS functions are determined were presented in Table 3.3. If the ILS does n

change significantly between the spectrum with the N20 cell only and the spectrum with
the N20 and HBr cells, then it is reasonable to assume that the presence of the HBr

cell does not significantly affect the ILS at the resolution at which the measurement
made. Although there are no strict guarantees that the ILS does not vary more at the

resolution, any severe changes in ILS at full resolution due to the introduction of t

cell would still be expected to manifest itself as a variation in ILS at 0.005 or 0.
resolution.
The measurements with the Bomem DA8 spectrometer at Wollongong are described

here. The N20 cell used and its method of filling were decribed earlier in Section 4.1

Referring back to Figure 3.9 the N20 cell was placed at the position labelled "Cell 2"
Spectra were measured with the following instrument settings:
Source:

globar

Resolution:

0.006cm -1

FOV:

1.23mrad

Filter:

N D S Cfilter4

Detector: InSb
# of scans:
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Two consecutive measurements were made, the first with only the N20 cell in the
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Figure 4.5: B o m e m D A 8 ILS functions retrieved from N 2 0 lines with and without the
H B r cell in the beam, demonstrating that inserting the H B r cell does not significantly
alter the ILS at 0.006cm -1 resolution.

position labelled "Cell 2", and the second with the N 2 0 cell in position "Cell 2" and the

HBr cell in position "Cell 1". Figure 4.5 shows the average ILS functions of the Bome

DA8 retrieved from N20 i/3 lines with and without the HBr cell in place. There is very

little change in the ILS; the difference between the peaks of these estimates is abo

percent. Based on this, it may be assumed that the ILS at full resolution is not sev
altered by the insertion of the HBr cell for ILS measurements.
As with the ILS measurement with an N20 cell, it must once again be established

that the ILS does not vary significantly between measurements with the globar and the
sun as a source. In the previous section on measurements with an N20 cell, this had
been demonstrated for the Bruker 120M spectrometer at NIWA Lauder (Fig. 4.4). To
demonstrate the constancy of the ILS for the Bomem DA8 spectrometer between globar
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Figure 4.6: B o m e m D A 8 ILS functions retrieved from H B r lines with the sun and a
globar as sources, demonstrating that using these different sources does not alter the ILS
significantly.

and sun as source, two spectra were measured with the following settings:
Resolution: 0.004cm-1
# of scans:

4 (solar) or 49 (globar)

Detector:

InSb

Filter:

N D S Cfilter4

Figure 4.6 shows the average ILS functions retrieved from the HBr lines using a

blackbody and the sun as a source. The spectra show that the spectrometer can be adj

so that the ILS functions are the same whether the sun or a globar are used as a sou
The match is excellent and the peaks differ by less than half a percent.
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Table 4.1: Data used for ILS variability study
Site
Wollongong

Lauder

Region (cm - 1 ) Date
2450
31-Aug-1999
24-Sep-1999
30-Sep-1999
10-Nov-1999
29-Aug-1999
2-Sep-1999
1155
4-Nov-1999
2-Dec-1999
19-Jan-2000
15-Mar-2000
24-Mar-2000
31-Mar-2000
6-Apr-2000
13-Apr-2000
28-Apr-2000
ll-May-2000
25-May-2000
14-Jun-2000
29-Jun-2000

source

# of spectra

sun
sun
sun
sun

26
2
2
5
2
1
3
3
3
3
2
1
3
3
2
3
3
3
3

globar
globar
globar
globar
globar
globar
globar
globar
globar
globar
globar
globar
globar
globar
globar

4.4 ILS variability

One question that must be answered with regards to the instrument line shape fun

how often must the ELS be measured? To investigate this question, measurements w

made to determine the variabillity of the ILS on the time scales of minutes, week

months. Table 4.1 summarises the data used for the study of the short-term and l
variability of the ILS.

4.4.1 Short-term variability

One day of continuous measurements was used to determine the variability of the
function over the period of one day. Measurements were made from 11:00 to 16:30
time with solar zenith angles (sza) ranging from 43 to 76 degrees on August 31,

NDSC filter 4 was used for all measurements and an HBr cell was placed in the op
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path. The DLS functions were determined from the P5 to P8 lines of HBr. The P5 to P8
lines of both HBr isotopes were originally used to produce the ILS estimates, but it

found that the ILS functions retrieved from some lines were erratic. The peak height

standard deviation of the peak heights were used to determine which HBr lines were mo

suited to estimating the ILS functions. The mean peak heights and standard deviations

were calculated using the P5 to P8 lines of both HBr isotopes (eight lines in all) an

then the calculations were repeated eight times, with a different line omitted from t

calculation in each iteration. The difference between the standard deviation calcula

with a line omitted and the standard deviation calculated with all lines gives an in

of whether the standard deviation improves or worsens when a particular line is omit

These calculations were done for all 26 spectra and the results revealed that the P8

both HBr isotopes and the P7 line of H81Br tend to make the calculated standard deviat

larger, with some individual measurements causing the standard deviation to change b
much as 53%. The P7 line of H81Br and the P8 line of H79Br substantially increased the

standard deviation of the peaks in at least 70% of the cases, so these lines were omi
from the final ILS estimates. The P8 line of H81Br contributed an increase of 20% or

more in the standard deviation of the ILS peaks, but primarily for solar zenith angle

above 65 degrees; this may have been due to a rapid decline in the signal-to-noise ra

in the region of the P8 lines as the solar zenith angle increased. The P8 line of H81B

also omitted from the final ILS estimates. The P5 and P6 lines of both HBr isotopes a

the P7 line of H79Br were averaged to produce the final ILS estimates for each spectru
Figure 4.7 shows a plot of the estimated ILS peaks and their standard deviations.

There was a slight dependence of the ILS on the time of day or sza; this may have bee

due to the rate of change of the airmass or a slight drift in the position of the so
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through the day due to misalignments in the tracker. To determine the significance of the

DLS variation, the H81Br P5 line was selected for analysis and the entire set of spec

for the day was analysed using three methods. The first method consisted of analysing

the spectra using a single mean ILS determined by averaging all the ILS estimates mad

for the day. If the DLS was constant through the day then the results of this analysi

would give an indication of how the HBr estimate varies due to noise in the spectrum.

The second method consisted of analysing the data set using the individual ILS estim
for each spectrum; whether or not the ILS was constant, the variation in results for
analysis set should be due primarily to noise in the spectrum. In the third method,

spectrum was analysed using all the ILS functions retrieved for the day; this should

the variation in retrieved HBr amounts due to variations in the estimated ILS throug
day. Table 4.2 summarises the results of these analyses. The range in values of HBr

amounts was on the order of 4% and the standard deviation of the results was slightly

greater than 1% except for the analysis in which the individual DLS estimates were us
to analyse each spectrum. Figure 4.8 shows histograms of the data from Methods 1 and

2 of the analysis. The reason method 2 yielded a lower standard deviation is that the
distribution of the retrieved HBr amount changed significantly, suggesting that the
did in fact vary. The shape of the histogram for the analysis via the second method
resembles a normal distribution curve, which is what would be expected if variations
the retrieved HBr pressure were due only to noise.
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Figure 4.7: ILS peaks and standard deviations for spectra of 31 A u g 1999 showing the
variations of ILS peak in sequence through the day and with solar zenith angle. (Bomem
DA8)
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Figure 4.8: Histograms of absorber amounts retrieved using a single ILS for the day (a)
and the individual retrieved ILS functions (b).
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Table 4.2: Retrieved H B r pressures using various ILS functions. The methods used in the
analysis were: 1) all 26 spectra, mean ILS 2) all 26 spectra, individual ILS 3) individual
ILS, single spectrum.
Method m e a n (torr) range (%) S D ( % , n = 2 6 )
1
4.0
0.267
1.1
2
0.9
0.267
4.3
4.2
1.2
0.267
3

G-G0 (cm -1 )
Figure 4.9: Average ILS functions for 26 solar spectra measured on 31 Aug 1999.
(Bomem D A 8 )

Figure 4.9 shows all 26 average ILS functions; analysis shows that the ILS varied

through the day. The variation in DLS over a day only affected the distribution of

retrieved absorber amounts and not the average retrieved amount or the range. Sinc

the effect of the ILS would be less pronounced for broader line widths, it will be

significant for atmospheric trace gases than for HBr. The exact cause of the ILS v

is not known but it may be a misalignment in the sun tracker or the changing illum
due to changing optical path through the atmosphere.
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Figure 4.10: DLS functions for Wollongong spectra from 29 A u g 1999 to 10 N o v 1999

4.4.2 Long-term variability

Wollongong data

Figure 4.10 shows ILS functions derived from sun and globar measurements on the
Wollongong Bomem DA-8 FTD^ spectrometer. The ILS functions were retrieved from
measurements taken from 29 Aug 1999 to 10 Nov 1999. The ILS functions degraded
with time, with the peaks gradually diminishing and the asymmetry becoming more

pronounced. The exact cause of the drift is unknown but the reference laser had bee

replaced during that period and it has since been established that there was a prob
with the frequency stability of the new laser.
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Lauder data

Figure 4.11 shows ILS functions derived from the NIWA Lauder Bruker 120M FTIR
spectrometer in the months of November and December 1999 and January 2000. Measurements were made on three days and there were three ILS measurements per day.

The ILS functions differ significantly between the day in November and the other t
days. The November ILS was essentially the ideal fLS. The December and January ILS

functions were slightly asymmetric with the higher wavenumber shoulder being sligh

shallower than the other shoulder. The exact cause of this is not known but possibl

include frequency stabilisation problems with the reference laser or a rocking mot

the retroreflector during the scan due to dirt or wearing of parts. The Lauder FTIR

adjusted in February and not adjusted through to the end of June. Figure 4.12 shows
functions derived from the NIWA Lauder FTIR from 14 March to 29 June 2000. Ideally

the ILS should not change during this period since the spectrometer was not adjust
There were 26 DLS measurements in all, taken over 10 days. The small variations in

retrieved ILS functions suggest that the ILS did not change significantly over the
of these measurements.
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Figure 4.11: ILS functions for Lauder spectra from November 1999 to January 2000.
Each ILS is the average of ILS functions determined from three spectra measured on
each day.
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Figure 4.12: Retrieved ILS functions for Lauder spectra from March to June 2000
demonstrating that the ILS did not vary significantly during this period. There were
26 ILS measurements in total.
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4.5 Discussion

Methods have been developed to test whether or not a measured ILS is suitable for use
in the analysis of solar spectra. Methods employed specifically for the cross-checking
of the DLS as measured with an N 2 0 cell on a Bruker 1 2 0 M spectrometer and an H B r
cell on a B o m e m D A 8 spectrometer have been described and the results presented. The
methods m a y be altered to suit different spectrometers or to suit ILS measurements at
various wavelengths and with various gases. All such methods employed for ILS crosschecking must meet five criteria to ensure that the retrieved ILS is representative of the
true ELS:
1. ELS functions retrieved from nearby spectral lines are identical within the noise limits of the measurement; that is, the differences between individual measurements
which contribute to an estimate exceed the differences between estimates.
2. ELS functions retrieved from neighbouring lines of different gases are identical
within the noise limits of the measurements.
3. Using a retrieved ILS tofitspectra yields improved fits.
4. Introducing the calibration cell does not alter the ILS.
5. Within the noise limits of the measurements, the ILS determined with the sun as
the source is the same as the ILS determined with the globar as the source.
In the case of ILS measurements at around 1150cm-1 with an N20 cell, it was
established that the introduction of the N 2 0 cell would not affect the ILS and hence a
spectrum can be measured to determine the ILS and the cell then removed. It had also
been established that the ILS did not vary significantly between spectra taken with the
sun and with the globar as the source. Careful use of measurements and appropriate
assumptions can be combined to cross-check ILS functions and to extend what had been
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done in these N 2 0 and H B r experiments to ILS functions retrieved at other wavelengths
and with other gases.
ILS measurements over a period of weeks and months on a Bruker 120M spectrom-

eter have demonstrated that the ILS can be constant if the spectrometer is not adjus
Measurements on both a Bruker 120M and Bomem DA8 spectrometer show that the ILS

may also change without spectrometer adjustment; this generally ocurrs as components

age or parts wear with time. Due to the unpredictable nature of ILS degradation, a w
measurement of the ILS function is recommended to monitor spectrometer performance
and to give some indication when the spectrometer performance changes. ILS measurements are also essential whenever the spectrometer is adjusted.
A series of spectra measured over the period of a day on a Bomem DA8 spectrom-

eter indicated that the DLS function varied slightly over a day despite the fact tha
spectrometer was in good working order and was not adjusted at all during the day.

Speculation as to the cause of this small ILS drift include varying aperture illumin
due to sun tracker alignment, and varying light intensity due to the changing solar

angle; neither possibility has been investigated in depth. It is advisable to measur

variations in ILS through the day in order to assess its effects on total column and

retrievals. Methods for assessing ILS effects on column and profile retrievals are c
in detail in Chapter 6.
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Chapter 5
THE ILS MODEL AND PARAMETER RETRIEVAL

The instrument line shape function changes with frequency and as such, a measured

ILS cannot be used in the analysis of a spectral region which is far from the region
which the ELS was measured. For example, an ILS measured around 2440cm-1 using
an HBr cell cannot be used in the analysis of ozone lines around 1160cm"1. However,
if the D.S could be suitably characterised in terms of parameters which do not vary

wavelength, then it would be possible to predict the ILS at any other spectral regio

use this predicted ILS in routine spectral analyses. The ability to successfully pre

ILS in another spectral region would make it possible to characterise the instrument
an DLS measurement made at a single frequency, which would be more desirable than

the alternative method of measuring the ILS near each wavelength region used in rout
analyses. With this in mind, an ILS model was developed with a view to modelling

measured lineshapes and predicting the ILS in different regions of the spectrum. The
model developed synthesises an ILS using the parameters in Table 5.1.
An ILS is calculated, using the ILS model, in the following steps. First, the field-

of-view function is calculated in wavenumber space using the algorithm in "s_d_3.for
which is a generalisation of the models described by Saarinen and Kauppinen [1992]

and Kauppinen and Saarinen [1992] (the program listing can be found on the CD). This

field-of-view function is dependent on wavenumber, collimator focal length, collimat

diameter, aperture diameter, and the off-axis and off-focus aperture shifts. The resu

Table 5.1: Parameters and symbols used in the ILS model.
Parameter
Symbol
wavenumber
a
resolution
-nonecollimator focal length -nonecollimator diameter
-noneaperture diameter
e
off-axis aperture shift
0
off-focus aperture shift 7
constant phase error
j,
linear modulation loss £

function is transformed into interferogram space and then the constant phase error is

applied. The linear modulation loss is introduced by multiplying the interferogram b
function:
xe
Xmax

The resulting interferogram is then truncated to the appropriate resolution and trans
formed back into wavenumber space to yield the synthetic ILS.
An DLS parameter retrieval routine was developed based on the ILS model and the
Levenberg-Marquardt non-linear least squares algorithm [Press et al., 1992]. Of the

parameters used by the ILS forward model, the parameter retrieval routine can vary al
the wavenumber and collimator focal length and diameter. Well-constrained parameters

such as the resolution and the aperture diameter can be kept constant and only the po
constrained parameters need be retrieved.

It can be argued that the collimator focal length may not be accurately known, but th

same effect can be achieved by varying the aperture diameter since it is the field-o

which matters. For this reason, no provision is made for retrieving the focal length.

Although the resolution is one of the retrievable parameters there should be no reaso

to retrieve this parameter as it is determined in practice by counting the number of
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fringes recorded as the spectrometer scans and thus is an accurate and precisely k n o w n
quantity.

The program for ILS parameter retrieval is called "Nllsqils.exe" and its operation is
detailed in Appendix C.2.3. The entire program listing is on the CD in the directory

"NLLSQ" and the main program is "ilsguess2.for"; consult Appendix E for further infor
mation.

5.1 Model Test

The ILS parameter retrieval algorithm was tested by generating a series of synthetic

ILS functions using the forward model and then retrieving values for different sets o

parameters from each ILS. Four test DLS functions are generated, each having one of t

parameters (3,7, tp, e set to a non-zero value. The ILS parameter retrieval routine i

run to retrieve values for different sets of parameters from each ILS function to det

how well the retrieved parameters model the synthetic true ILS and to what degree the

parameters interact with each other. For each ILS, the parameter varied to create the

is also retrieved on its own to verify that the ILS parameter retrieval routine can r
the correct value under ideal conditions.
In the case of the first ILS, which has j3 = 0.12mm, eight sets of parameter values

were retrieved. These sets are: (1) /3, (2) 7, (3) ip, (4) e, (5) 0 and 7, (6) (3 and
and e, and (8) ip and s.

The results from the parameter retrievals with the parameter sets 2 through 4 will sh

how well the individual parameters 7, i\), and e will model an aperture off-axis shif
p. The results of the ILS parameter retrieval with the remaining four parameter sets

determine a) how the parameters 7, tp, and e each interact directly with (3 and b) ho
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e and ip work in tandem to approximate (3. D u e to the similarity between the effects of/3

and 7, the combined interaction of 7 and e to approximate (3 or the combined interact
of 7 and ip to approximate {3 are not explored.
For the second ILS, in which 7 was set to 0.80mm, only six sets are necessary to

identify interactions between ILS parameters. The parameters e and ip on their own ar
ruled out with the assumption that they will interact with 7 in the same way as they
interact with /? in the case of the first ILS. It is assumed that the similarity in

of/? and 7 make it unnecessary to explore the combined effects of (3 with either ip o

The six sets of retrieved parameter values for the second ILS are: (1) /?, (2) 7, (3
7, (4) 7 and e, (5) 7 and ip, and (6) ip and e.
The third ILS has a phase error of 5 degrees. The effects of a phase error can

conceivably be approximated by (3 or 7 since these yield asymmetric functions; a dire
interaction with e is ruled out on the basis that it produces a symmetric ILS while

error does not. Only the following three sets of parameter values need to be retrieve
study the interaction with ip: (1) p, (2) 7, and (3) 8 and e.
For the fourth DLS, which has a linear modulation loss of 0.1, only three sets of
parameters need to be retrieved to determine the interaction of e with the other ILS

parameters. It is assumed that the effects of 8 and 7 are similar enough that only th
interaction with /3 needs to be considered; this leads to only three parameter sets
for this part. Since f3 broadens the ELS, it may provide a reasonable approximation

effect of e despite the fact that it also produces a slightly asymmetric line; (3 in

with ip may conceivably produce a better approximation of e than 8 alone since ip may
act to symmetrise the broadened asymmetric line produced by (3. The three parameter
sets used in analysing the fourth ILS are: (1) (3, (2) e, (3) 8 and ip.
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Table 5.2: Results of ELS parameter retrieval tests. A dash (—) indicates that the
corresponding parameter was not retrieved.
Parameter Values Set
Retrieved parameter values
0=0.12mm
7=0.00mm
ip= O.OOdeg.
e=0.00

/M).00mm
7=0.80mm
?/;=0.00deg.
e=0.00

/3=0.00mm
7=0.00mm
^=5.00deg.
£=0.00
/3=0.00mm
7=0.00mm
ip=O.00deg.
£=0.1

1
2
3
4
5
6
7
8
1
2
3
4
5
6
1
2
3
1
2
3

/3(mm) 7 (mm) ip (deg.) £
—
0.1200 —
—
—
1.5023 —
—
—
—
2.015
—
—
—
0.2335
—
0.0098
1.4967 —
—
0.000
0.1200 —
—
0.1025
0.0951 —
—
0.1966
—
2.285
—
—
0.0675 —
—
—
0.8374 —
—
0.0440 0.1129 —
0.0700
—
0.1058 —
—
—
0.8072 0.472
0.0710
—
1.193
—
—
—
0.0339 —
—
—
4.658
—
-0.0853
—
0.0694 —
—

0.0702

—

—

—

—

—

0.1

—

-1.095

—

0.0759

Table 5.2 summarises the values used in generating the test ILS functions and the

parameter values retrieved by the ILS parameter retrieval algorithm. All ILS functi
were calculated at 2450cm-1 with a 0.8mm aperture, 325mm focal length, and 78mm
collimator diameter.

Figure 5.1 shows fits to an ILS synthesised with a 0.12mm off-axis aperture shift. T

fits are done by the ILS parameter retrieval program; parameters retrieved in each c

are (3,7, ip, and e. The parameter 8 can be retrieved accurately, as seen in Figure

Table 5.2. Figure 5.1b illustrates that a small off-axis aperture shift can be mode

by an off-focus aperture shift. Figure 5.1c shows that a pure phase error cannot mod

off-axis aperture shift; this is because phase errors produce an asymmetric ILS by m
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one shoulder of the ILS deeper and the other shoulder shallower without affecting the

peak height significantly while an off-axis shift produces an asymmetric ILS with bo

shoulders shallower and a distinctly lower peak height. Figure 5.Id shows that a pur

linear modulation loss does not model an off-axis aperture shift perfectly; this is

a linear modulation loss results in a symmetric ILS while an off-axis aperture shif
an asymmetric ILS.
Figure 5.2 shows an D.S due to a 0.12mm aperture shift as modelled with (a) an
off-axis and off-focus shift, (b) an off-axis shift and linear modulation loss, (c)

axis shift and phase error, and (d) a phase error and linear modualtion loss. The IL
modeDed well by a combination of P and 7 and these parameters interact strongly, as

be seen in Table 5.2. The ILS is also modelled well by (3 and £, with a fairly large

for £ and a slightly reduced value for (3. ip and (3 also model the ILS well, but Ta
shows that the best value for ip is 0 which suggests no strong interaction between

8. ip and £ can model the ILS to some extent but the near wings are poorly modelled.
Figure 5.3 shows fits to the ILS synthesised with an off-focus aperture using the
parameter sets (a) p, (b) 7, (c) P and 7, (d) 7 and e, (e) 7 and ip, and (f) ip and

distortion for the aperture off-focus by 0.8mm is only slight and it is approximate
by all sets of parameters used in the DLS parameter retrieval.

Figure 5.4 shows fits to an ILS synthesised with a phase error of 5 degrees. The fit

obtained by varying (a) P, (b) ip, and (c) (3 and e. p and £ on their own cannot mod

effects of a phase error very well because these parameters produce a broader ILS wi

a lower peak height whereas a phase error distorts the wings of the ILS without vary

the peak by much. In addition to this, the wings cannot be modelled well because a p

error shears the DLS baseline while p and £ do not. Table 5.2 shows that the retrie
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Figure 5.1: Fits to a synthesised ILS due to an off-axis aperture using "Nllsqils.exe
retrieve only a single ILS parameter in each run.
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Figure 5.2: Fits to a synthesised ILS due to an off-axis aperture using "Nllsqils.exe" and
retrieving pairs of ILS parameters to study h o w the combined effects of different ILS
parameters m a y approximate the effect of an off-axis aperture shift.
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Figure 5.3: Fits to a synthetic ILS function due to an off-focus shift of 0.8mm. The
retrieved parameters are: a./?, b.7, c.p and 7, d.7 and e, e.7 and ip, and f.ip and e.
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Figure 5.4: Fits to a synthesised ILS due to a phase error of 5 degrees. Retrieved
parameters: a. P, b.ip, c.p, e.

for P alone is small while Figure 5.4a shows that thefitat the shoulders is poor, illustrating
that the effects of P and ip are very different. Fitting the ILS with ip alone yields

fit and the retrieved ip is 4.7 degrees, which is slightly lower than the true phase e
this indicates that the ILS does not vary much with small changes in ip. The combined

retrieval of P and s results in a slightly larger value for P and a negative value for

The larger value of P results in a greater asymmetry in the ILS while the negative val

of £ results in a narrower DLS which has a higher peak value. Qualitatively, /? produc
a broader asymmetric line while £ compensates for the broadening and decreasing ILS
peak height to yield a closer fit to the true ILS. This mimicking of a phase error by

and £ is not possible for a phase error of the opposite sign because (3 will always ca
the lower wavenumber shoulder of the ILS to be shallower while phase errors can cause
either shoulder to be shallower depending on the sign.

Figure 5.5 shows fits to an ILS synthesised with a linear modulation loss £ of 0.1. Th

parameters retrieved are (a) p, (b) e, and (c) p with ip. p alone does not model the I
perfectly because it produces an asymmetric ILS whereas £ produces a symmetric ILS.
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Figure 5.5: Fits to a synthesised ILS due to a linear modulation loss of 0.1. Retrieved
parameters: a.p, b.£, c.p, ip.

B y varying both P and ip, thefitis improved; while P produces a broader, asymmetric

ILS, ip acts to reduce the asymmetry and achieve a better fit to the ILS. In all cas

lack of fit is very small and cannot be readily distinguished from noise-related var
in the ELS which would be expected in real ILS measurements.

5.2 ILS parameter retrievals from measured

ILS

A few measured ILS functions were selected to demonstrate how well the DLS model, in

conjunction with the non-linear least squares ILS parameter retrieval routine, can m
real D.S functions. One set of ILS functions is derived using HBr cell measurements
while the other set is derived using N20 cell measurements.
Figure 5.6 shows fits to ILS functions retrieved from HBr at around 2450cm-1.
Figure 5.6a and b are derived from cell measurements with a blackbody source on
Bruker 120M spectrometers during the 1997 NDSC instrument intercomparison exercise
at Lauder, New Zealand. The spectra were provided courtesy of Nicholas Jones of
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Table 5.3: DLS parameter values retrieved for ILS functions of Figures 5.6 and 5.7.
A dash (—) indicates that the corresponding parameter was not retrieved.
Figure /5(mm) ip (deg.) £
5.6(a) 0.10
2.12
—
5.6(b) 0.05
-8.48
5.6(c) 0.12
2.46
5.6(d) 0.11
2.41
5.7(a) 0.06
3.32
0.31
5.7(b) 0.02
0.40
5.7(c) 0.08
-4.58
5.7(d) —
0.17

N I W A Lauder, and Clare Murphy of the National Physical Laboratories (NPL) in the
UK. Figure 5.6c and d are derived from HBr cell measurements with a blackbody and
then the sun as a source using the Bomem DA-8 spectrometer at Wollongong. Although
the peak shapes are generally reproduced well by the model, a distinct lack of fit

in the near wings of the ILS functions. Noise levels in the measurements cannot acco

for all of the observed lack of fit in the wings, which suggests the presence of oth
unmodelled phenomena which contribute to the ILS. In the case of Figure 5.6c and d,
symmetry of the lack of fit suggests the presence of weak odd-symmetry ghosts.
Figure 5.7 shows fits to ILS functions obtained around 1155cm-1 from N20 cell
measurements with a blackbody source on the Bruker 120M spectrometer at NIWA,

Lauder. In all four cases the ILS parameter retrieval algorithm yields an excellent

to the measured ILS. Unfortunately the retrieved ILS parameters are not unique; var

the initial guess for each parameter and the combination of parameters retrieved yi

different solutions sets. Without a means to better constrain the parameters, the IL
cannot be confidently predicted at other spectral regions.

Table 5.3 shows the parameter values of the fitted ILS functions in Figures 5.6 and
The DLS parameter retrieval algorithm yields phase errors from around -8.5 to +3.3
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degrees for the different ILS functions but there is no other indication in the spectra that

there are such large phase errors; furthermore such large phase errors cannot be possi

because of the phase correction which is performed on the interferogram. It is much m
likely that the asymmetry which resembles a phase error is produced by odd-symmetry
ghosts which come about from a fault in the scan mechanism.

5.3 Discussion

The ILS parameter retrieval algorithm was tested using four synthesised ILS functions.
The correct values can be retrieved for P, 7, and £ when only a single parameter is

retrieved; the value retrieved for ip was slightly lower than the value used to synthe

test ILS. When several parameters are retrieved simultaneously it becomes evident tha
all the parameters interact to some extent. The interaction ofP and 7 is very strong,

effects of P and 7 being indistinguishable in some cases. Some parameters may interact

in such a way as to mimic the effects of another parameter; P and £ can substitute for

to some extent, and P and ip can substitute for £ to some extent. Due to the interacti

of the different parameters, the solution obtained by the ILS parameter retrieval rout

is not unique. Unfortunately, different solution sets will yield different ILS functio
other wavenumbers and the retrieval of ELS parameters will not be useful unless some

rameters can be constrained by other means. Furthermore, due to the noise present in r

spectra, the uncertainty in retrieved ILS functions may be greater than the discrepanc
observed in the fits in Figures 5.1 to 5.5.
Fits to measured DLS functions show in some cases that the ILS forward model can

model the retrieved ILS very well. In other cases the wings of the ILS functions canno

be modeled well and the disagreement is more than can be accounted for by the noise i
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the spectra; this indicates the presence of something which is not part of the ILS forward
model. It makes no sense to include more parameters in the ILS forward model because

the problem of retrieving parameters is underdetermined; there are more parameters t

retrieved than information present in the spectra and this only compounds the proble
non-unique solutions.
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Chapter 6
THE EFFECT OF APERTURE MISALIGNMENT ON TRACE
GAS RETRIEVALS
6.1 Introduction

Using an ideal ILS function to analyse spectra with a non-ideal ILS may result in erro

in the retrieval, as discussed in Section 1.5. In the case of total column amount retr
the simple VMR profile scaling which is implicit in the Classic Least Squares (CLS)

retrieval method (Section 1.5) will yield incorrect total columns whenever the shape a
area of the absorption features is not fitted well. Profile retrieval techniques will
better total column amount estimates because the area of the absorption features will

matched much better than in the case of profile scaling; however, the retrieved profil
may not be reliable estimates of the true trace gas profiles.
The severity of the effects of an aperture misalignment on total column amounts and
profile retrievals will depend on the VMR profile and Doppler line width of the trace

Trace gas species which are found predominantly in the troposphere will have very broa

absorption features and the overall shape of the absorption features will not be sensi

to the ILS function. Trace gas species found predominantly in the stratosphere will ha

an absorption line shape which is more sensitive to a change in the ILS; in these case
it is the Doppler line width which determines the sensitivity to the ILS. The broader
Doppler width the less sensitive the absorption feature will be to the ILS.

To explore the errors in total column amounts and retrieved profiles which arise

from an aperture misalignment, atmospheric spectra are synthesised for the retrieva

various trace gases and analyses are performed on these spectra using first the ide

function and then the known non-ideal ILS. Although only distorted ILS functions due

to a misaligned aperture are used in this study, it is reasonable to assume that th

are generally applicable to real spectra because real ILS functions tend to resembl
functions due to off-axis apertures.

6.2 Total Column Retrievals

6.2.1 Model studies
A few gases were chosen to explore the errors in total column amounts that may be
introduced when a spectrum with a non-ideal ILS is analysed and the DLS is assumed
to be ideal. The gases 03, N20, HC1, HF, N2, and C02 were chosen to study a) ILS
sensitivity of absorption features for predominantly tropospheric vs stratospheric

gases and b) DLS sensitivy of stratospheric trace gases in relation to their Dopple
widths. Figure 6.1 shows the layer amounts for 03, N20, HC1, and HF in molecules per
cm2 calculated with the VMR profiles provided with SFIT2 and the mean midlatitude

pressure and temperature profiles from the US Standard Atmosphere [1976]. The figure
shows that most of the N20 in the atmosphere is found in the troposphere while most
the 03, HC1, and HF in the atmosphere lies in the stratosphere. N2 and C02 have more

less constant VMRs from Okm to 100km and as a result have their bulk in the troposhe

but contain a significant amount in the stratosphere. A solar zenith angle of 60 de

was assumed in all cases and for each gas a model spectrum was calculated with an RM

signal-to-noise ratio of 1000:1, which is a typical noise level for real measuremen
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Table 6.1: Gases and spectral regions used to test column amount sensitivity to the ILS.
The gases listed here are all included in the synthesis of spectra for this excercise.

Gas
03
03

spectral window
1167.501-1167.751
2084.257-2084.375
3027.420-3027.600
O3
N 2 0 2441.799-2444.400
HC1 2925.800-2926.000
HF
4038.901^1039.030
2411.011-2411.221
N2
co 2 2492.588-2492.829

Interfering species
-noneH20, C02
H20, CH4
C02
H20, CH4

H20
C0 2
N20, CH4

with an InSb detector. Instrumental parameters used in calculating the synthetic spectra
are typical operating parameters for the DA-8 FTIR. (Focal length = 325mm, aperture
diameter = 1.0mm for 1165cm-1 and 0.80mm for other regions, resolution = 0.004cm-1,

and off-axis aperture shift = 0.10mm.) The chosen off-axis aperture shift is based o

value obtained with a non-linear least-squares retrieval of ILS parameters from a ty

measured ILS. Table 6.1 lists the gases included in the synthetic spectra and the sp
windows analysed; the synthetic spectra were calculated over a 4cm-1 range roughly
centred on the spectral window analysed.
Ozone is found predominantly in the stratosphere and the lines around 1165cm-1
have a Doppler-limited full width at half-height (FWHH) of 0.0024cm"1. A non-ideal
ELS would be expected to have a large effect on the overall shape of the measured

spectral lines because a significant amount of ozone is in the stratosphere and would
have linewidths comparable to that of the ILS. Two other regions are analysed around
2084cm-1 and 3027cm-1 to determine if there is any marked dependency of the retrieved

column amount on wavenumber when all other instrumental parameters are kept constant.
N20 is found predominantly in the troposphere and at 2443cm-1 it has a Dopplerlimited FWHH of 0.0054cm-1. A non-ideal ILS should have little effect on the measured
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Figure 6.1: Layer amounts for a. Ozone, b. N 2 0 , c. HC1, d. HF.
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spectrum since most of the N 2 0 will have pressure-broadened linewidths which are m u c h
broader than the ILS.
HC1 and HF are found predominantly in the stratosphere and may be expected to have

some sensitivity to the ILS although the sensitivity may not be as strong as that o
to the broader Doppler linewidths of HC1 and HF. The Rl line of HC1 around 2926cm-1
has a Doppler FWHH of 0.0074cm-1 while the Rl line of HF around 4039cm-1 has a
FWHH of 0.0134cm-1; these widths are approximately two and three times the width
of the DLS function, respectively. The HF spectrum may reasonably be expected to be

less sensitive to changes in the DLS than the spectrum of HC1 due to its broader Do
width.
N2 and C02 have constant and well-known VMR profiles from ground level through

the stratosphere. Although the total column amounts of these gases are expected to b
somewhat insensitive to an ILS variation, they have absorption features in a region

which the ILS can be directly measured by placing an HBr cell in the optical path d

a spectral scan and if the model study shows some sensitivity to the ILS then the N

C02 total column retrievals can be performed with real spectra to confirm the sensit

Results

Table 6.2 summarises the results of the model exercise. The predominantly stratosph

trace gas species 03, HC1, and HF show the greatest sensitivity of retrieved total c
amount to a non-ideal ILS. The largest deviation from the true total column amount
on the order of 2%. The deviations of less than 0.2% in the retrieved total column

of N2, N20, and C02 are not significant and it can be concluded from this experiment
that a reasonable variation in ILS due to an off-axis aperture does not affect the
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Table 6.2: Retrieved total column amounts of trace gases relative to true values
True ILS
Species
Ideal ILS
-1
a (cm ) Column (%) R M S resid Column (%) R M S resid
99.2
9.9e-4
03
1165
1.2e-3
99.9
100.2
2084
2.9e-3
98.5
6.7e-3
100.0
1.7e-3
98.0
3027
2.2e-3
100.0
1.2e-3
99.9
N 2 0 2440
1.2e-3
1.3e-3
100.1
98.1
1.4e-3
H C 1 2926
1.7e-3
100.0
99.3
1.7e-3
HF
4039
1.0e-3
100.0
99.8
1.0e-3
N2
2411
1.2e-3
100.6
100.4
1.2e-3
C 0 2 2492

column amount retrieval of these gases. Using the true ILS in the analysis of the synthetic

spectra yielded improved estimates of the total column amounts for the predominantly
stratospheric trace gas species.
Figures 6.2 to 6.4 show the fits to the predominantly tropospheric trace gases N20,
N2, and C02. In all these cases there was no evidence of any lack of fit around the

linecentres and the retrieved total column amounts did not vary significantly betwe
analyses with the ideal and true ILS functions (Table 6.2).
Figures 6.5 to 6.9 show the CLS fits to the synthetic spectra of the predominantly

stratospheric trace gas species 03, HC1, and HF. In all cases, using the true ILS im
the retrieved total column amounts for 03, HC1, and HF (Table 6.2).

The results with ozone in Figure 6.5, HC1 in Figure 6.9, and HF in Figure 6.8 demonstrate that when the ideal DLS is used in the analysis there may be an error of up

the retrieved total column amount although the lack of fit around the line centre m

be readily distinguishable from the noise in the spectrum. This suggests that the c

practice of judging the quality of a spectral fit by visual inspection of the resid
reliable in all cases and should therefore be discouraged.
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Figure 6.2: C L S fits to N 2 0 features near 2443cm" 1 in a synthetic spectrum using the
ideal and true ILS functions in the fits. At this signal-to-noise ratio (100:1) there a
discernible differences in the fits produced with the ideal and true ILS functions.
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Figure 6.3: C L Sfitsto an N 2 line near 2411. 1 c m - 1 in a synthetic spectrum using the ideal
and true ILS functions in thefits.There are no discernible differences between residuals
to thefitswith the ideal and true ILS functions. (S:N ratio is 1000:1)

161

.2

Residual (xlOO

1

2492.6

2492.65

2492.7

2492.75

2492.8

G (cm-1)
(a) Fit with ideal ILS

o
c
E .96c

.2-

.44
G

+ + + Fit to spectrum

lesiduaKxlOO

AV
i

1

2492.6

2492.65

1

2492.7

2492.75

2492.8

(cm1)

(b) Fit with true ILS

Figure 6.4: CLS fits to a C02 line near 2492.7cm-1 in a synthetic spectrum using the
ideal and true ILS functions in the fits. There are no discernible differences betwe
residuals to the fits with the ideal and true ILS functions. (S:N ratio is 1000:1)
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In Figures 6.6 and 6.7 the total column amounts of ozone were underestimated by

up to 2% and in each fit there was a clear lack of fit around the line centre. Using t

true ILS functions in the analyses resulted in no visible lack of fit above the noise

in the spectra. In practice, some researchers attempt to minimise the lack of fit obs
in Figures 6.6 and 6.7 by adjusting the volume mixing ratio profile of the gas being
quantified or by choosing an appropriate VMR profile from a given set. (See Zander et

[1994], Zhao et al. [1997], and Wallace et al. [1997] for a few examples.) Qualitative

achieving a better fit implies a better estimate of the total column because the areas

the absorption features are better matched. However, there remains some doubt as to th

physical significance of volume mixing profiles which have been adjusted for a better

with no consideration of the true ILS of the spectrometer. This is discussed in greate
detail in the section on ILS effects on profile retrievals.
The error in the retrieved total column amount was greater for the spectrum of Fig-

ure 6.7(a) than for Figure 6.6(a), which may seem counterinmitive. The Doppler broaden
ing is proportional to frequency and thus the absorption lines at higher wavenumbers

be expected to be less sensitive to variations in the ILS function. However, the vari

the ILS with frequency may overcome this expected decrease in sensitivity. Figure 6.10

shows the ILS functions used in the synthesis of the spectra at 2084 and 3027cm-1; thes
functions were calculated using the program ILSJb.exe.
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Figure 6.5: CLS fits to 03 features near 1167.6cm"1 in a synthetic spectrum using the
ideal and true ILS functions in the fits. No lack of fit is evident around the N20 line
centres. (S:N ratio is 1000:1)
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Figure 6.6: CLS fits to 03 features around 2084.33cm-1 in a synthetic spectrum; the i
and true ILS functions are used in the fits. There is a pronounced lack of fit around
linecentre due to an assumed ideal ILS in (a). (S:N ratio is 1000:1)
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Figure 6.7: CLS fits to an 03 feature near 3027.5cm"1 in a synthetic spectrum usin
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Figure 6.8: CLS fits to the HC1 Rl line near 2926cm-1 in a synthetic spectrum using t
ideal and true ILS functions in the fits. Some lack of fit due to the incorrect ILS
around the line centre in (a). (S:N ratio is 1000:1)
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Figure 6.9: C L Sfitsto the H F Rl line near 4 0 3 9 c m - 1 in a synthetic spectrum using the
ideal and true ELS functions in the fits. There are no discernible differences between
residuals to thefitswith the ideal and true ILS functions. (S:N ratio is 1000:1)
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Figure 6.10: T h e two ILS functions used to synthesise the spectra around 2084 and
3027cm - 1 . The only parameter varied in the synthesis of these ILS functions was the
wavenumber used in the calculations.

Summary
Predominantly tropospheric and predominantly stratospheric trace gases show a clear

difference in sensitivy of total column amount retrievals to variations in the ILS f
(Table 6.2).
The total column retrievals of predominantly tropospheric trace gases such as N2,

N20, and C02 are not significantly affected by reasonable variations in the ILS funct
Predominantly stratospheric trace gas species such as 03, HC1, and HF demonstrate
some sensitivity of the retrieved total column amount to variations in the ILS, with
retrieved total column amounts being underestimated by up to 2%. In all cases, using

the true D.S improved the retrieved total column amounts. In some instances there was

a noticeable lack of fit around the line centre (Figures 6.6 and 6.7). In other insta

(Figures 6.5, 6.9 and 6.3) the lack of fit was not as clear or altogether indistingu
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from the noise in the spectrum, leading to the suggestion that the practise of gauging

the quality of the spectral fit by visual inspection of the residual to the fit should
discouraged.
The differences in the retrieved 03 columns for the 2084 and 3027cm"1 regions

suggest a ^-dependence on the retrieval error in which the error in the retrieval inc

with increasing a; this error is due to the increased sensitivity of the ILS to apertu
misalignments as a is increased. The severity of the ILS distortion for higher a can

overcome the expected decrease in sensitivity to the ILS due to the a dependence of th
Voigt line width.
The errors in total columns of HC1 and HF demonstrate how trace gas species with
broader absorption features would be less sensitive to variations in the ILS.

63 VMR ProGle Retrievals

Modelled and real spectra have been analysed to explore and demonstrate the sensitivit
of VMR profile retrievals to non-ideal ILS functions.
The software used for the profile retrievals was SFIT2 [Rinsland et al., 1998;
Pougatchev et al., 1995,1996] which was developed principally by Curtis Rinsland of
the NASA Langley Research Center and Brian Connor of the New Zealand Institute of
Water and Atmospheric Research (NIWA) at Lauder, New Zealand. SFIT2 implements
the optimal retrieval method described by Rodgers [1976].
The inputs to SFIT2 include P and T profiles, initial VMR profile for the trace gas

whose VMR profile is to be retrieved, VMR profiles for other interfering trace gas sp

uncertainty estimates for the values in the initial VMR profile, instrument parameters

trace gas spectroscopic line parameters, and spectral windows. The initial VMR profile
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is also k n o w n as the apriori V M R profile; it is a reasonable guess of the V M R profile and
is usually based on previous measurements1, although model calculations are sometimes
used as in the case of the carbonyl sulfide ( O C S ) V M R profile in the R E F M O D 9 5 file
provided with SFIT2. The version of SFIT2 used was modified by Brian Connor to
accept an optional ILS description which can be provided by the user.

6.3.1 Model tests

A blind model test was performed to determine how an incorrect assumption about the
ILS would affect the retrieval of the vertical volume mixing ratio ( V M R ) profile of ozone
under the ideal conditions of known ILS, gas V M R profiles, P and T profiles, and no
noise.
Ozone was chosen for the test for the following reasons:
• ozone is one of the trace gases of primary interest in stratospheric chemistry
• its variability in the atmosphere poses a challenge to the accurate retrieval of colu m n amounts from ground-based FTIR measurements
• accurate ozone V M R profile retrieval is essential to the study of processes affecting
stratospheric ozone
• the N I W A site at Lauder, N e w Zealand, has weekly ozone sonde records in addition
to the 0.0039cm -1 resolution FTIR measurements, making it possible to evaluate
the method with real spectra and independent ozone profile measurements
• the ILS for the 1145cm - 1 window can be directly measured, via an N 2 0 cell, for
the evaluation of the profile retrieval using real spectra.

1

In practice, the apriori VMR profile often consists of several measurements which have been made at
various times or using various techniques; for example, the apriori ozone V M R profiles used at N I W A
Lauder m a y be constructed from sets of ozone sonde data, microwave data, L I D A R data, satellite data,
and the R E F M O D 9 5 profiles provided with SFIT2.
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Table 6.3: Spectral regions, ILS parameters and gases used in the test of ozone profile
retrieval sensitivity to a non-ideal ILS
W i n d o w (cm - 1 ) ILS parameters
1145-1150

3038-3043

Gases
-1

Resolution: 0.0039cm
Aperture: 0.85mm
Focal length: 2 2 0 m m
Aperture off-axis shift: 0.1mm
Resolution: 0.0039cm-1
Aperture: 0.65mm
Focal length: 2 2 0 m m
Aperture off-axis shift: 0.1mm

03,H20,HD0,N20

03, H 2 0 , C H 4

Method

Synthetic spectra were calculated for a solar zenith angle of 70 degrees. The ca

lation of the spectra were done with MALT [Griffith, 1996], with modifications ma
to allow the atmospheric ray tracing to be carried out with the FASTCODE program
[Gallery et al, 1983]. Refraction was taken into account in the ray tracing. The

temperature profiles and ozone VMR profiles were provided by Nicholas Jones from

NIWA Lauder database. The VMR profiles of other gases were taken from the Refmod9
file as provided with SFIT
Two spectral regions (microwindows) were analysed in the test. The window around

1145cm"1 is a region for which an DLS measurement can be experimentally determin

the measured ILS can then be used to verify its impact on profile retrievals wit
spectra. Analysis of the window around 3040cm-1 may provide some insight with
regards to the profile retrieval sensitivity at higher frequencies. The windows

respective instrumental parameters and the gases included in the synthesis are g

Table 6.3. Figure 6.11 shows the calculated off-axis ILS functions used in the c
for comparison with the corresponding ideal ILS functions.
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Figure 6.11: Off-axis ILS functions used in the calculation of the synthetic spectra for
the test of ILS effects on ozone V M R profile retrievals.
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Figure 6.12: Ozone profile retrieval from spectral features around 1145cm"1 in a
synthetic spectrum with an off-axis DLS.

Results

Figures 6.12 and 6.13 illustrate the results of the exercise. The retrieval algorithm e

tially adjusted the VMR profiles to obtain a better spectral fit, and hence a better es
of the total column, but the retrieved VMR profiles were not realistic estimates of the
true ozone VMR profile. A qualitative explanation of this behaviour is that the spectral

fits calculated by SFIT2 would have sharp features due to ozone at high altitudes; in the

synthetic spectra the features are broader due to the broader non-ideal ILS and the res

is that SFIT2 reduces the mixing ratio at higher altitudes (narrow lines) and increases

mixing ratio at lower altitudes (broader lines) to obtain a better fit to the spectrum.
phenomenon has been observed in practice by others [Walsh et al, 1997].
Using the known ILS significantly improved the retrieved ozone VMR profiles. The
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Figure 6.13: Ozone profile retrieval from spectral features around 3040cm-1 in a
synthetic spectrum with an off-axis DLS.

greatest discrepancies between actual and retrieved profiles occurred above 23km altitude. At these altitudes the ozone lines are predominantly Doppler-broadened and there
is a diminishing discrimination between absorbers at increasing altitudes. Under these
conditions the apriori ozone profile used in the analysis would be expected to dominate
the shape of the retrieved profile. The development of some structure in the retrieved
profile around 25km altitude which resembles the shape of the true profile more than

the apriori profile suggests that it is possible to make some distinction between absor
altitudes even as the Doppler-limited absorption line width is approached.
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6.3.2 Application to measured spectra

The model tests on profile retrievals for ozone suggested that a significant improv
in the profile retrieval can be obtained, especially above 20km altitude, when the

ILS rather than the ideal ILS is used in the profile retrieval. To demonstrate that
improvement can be achieved with real spectra, spectra have been selected from the

NIWA Lauder database which coincide with ozone sonde launches and for which there i
a suitable ILS measurement available for use in the profile retrieval.
N20 cell spectra have been measured occasionally on the Bruker 120M FTIR
spectrometer at NIWA Lauder between November 1998 and November 1999 and since
November 1999, cell measurements have been made more frequently (at least once a
fortnight). The N20 cell measurements around 1155cm"1 have been used to derive the
DLS for the instrument over a period of months. The ILS functions measured during

the period from November 1999 to June 2000 are presented in Figures 4.11 and 4.12 i
Chapter 4.
In preliminary investigations and in collaboration with Brian Connor and Nicholas
Jones of NIWA Lauder, an N20 spectrum measured on 19 November 1998 was used

to determine the ILS using the Fourier deconvolution method and the ozone profile f
spectra obtained on 21 October 1998 and 28 November 1998 were determined using
a version of SFIT2 which was in development at the time. Brian Connor performed

the profile retrievals for these two spectra. Two spectral regions, one around 1146
and one around 1167cm-1 were used in the analyses. Figure 6.14 shows the ideal and

retrieved ILS for 19 November 1998. In analysing the spectra of 21 October 1998 and

November 1998, it was assumed that the ILS would not have varied significantly betw
these dates and can be represented by the single ILS measurement which was made on
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Figure 6.14: Ideal ILS vs measured ILS for 19 N o v 1998. ( N I W A Lauder Bruker 1 2 0 M
FTIR)

November 1998. Although this assumption does not apply to the situation in general, in

this particular instance the instrument alignment was not adjusted during this period

barring any other problems there is no reason to believe that the D.S would have chang
significantly.
Figure 6.15 shows the results of the profile retrievals from a 21 Oct 1998 spectrum

using the ideal and retrieved ILS functions while Figure 6.16 shows similar results f
28 Nov 1998 spectrum. The sonde and apriori profiles are included for comparison with
the retrieved profiles. The improvements in the retrieved ozone profiles are evident.
spectral region around 1167cm-1 yields better results than the region around 1145cm-1
although the exact reason for this is not known.
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In the months from November 1999 to January 2000 the ILS varied considerably

(Fig. 4.11) and there were no days for which there were ozone sonde launches, solar

spectra, and recent ILS measurements; as such it was not possible to use any data f
this period for this comparison excercise.
Within the noise error of the ILS measurements, the ILS was constant from March

2000 through June 2000 (Fig. 4.12). Due to this constancy of the ILS, a mean ILS fo
this period can reasonably be assumed to represent the ILS around 1155cm"1 for any
routine measurement made within this period. Figure 6.17 shows the ideal and mean
ILS function for the period from 14 May 2000 through 29 June 2000. The measured

ILS function varies less from the ideal ILS than the ILS function of 19 November 19

During this period (March to June 2000) there have been sixteen ozone sonde launche

of which four coincided with the measurement of a spectrum. These days were March 8
and 26, May 18, and June 9. The FTIR measurement times and sonde launch times are:
Date FTIR measurement Sonde launch
March 8 08:30:40 07:57:00
March 26 09:40:43 09:28:00
May 18 11:39:27 11:06:00
June 9 09:44:31 09:31:00

The spectra selected for the profile retrievals were the spectra which were measure

at the time nearest the sonde launch time. Due to the problems encountered with pro

file retrievals at 1146cm-1 in the preliminary investigations (Figures 6.15 and 6.16

that region was not used in the profile retrievals for these later spectra. To help

against poor profile retrievals due to selected spectral regions, two spectral regi

1167cm"1 were analysed for comparison. The spectral regions analysed were 1167.5271167.771cm-1 and 1168.119-1168.559cm-1. In both spectral regions, a VMR profile
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Figure 6.15: Ozone profile retrievals from NIWA Lauder spectrum of 21 Oct 1998 using
the ideal and measured DLS functions. Sonde and apriori profile values are plotted for
comparison.
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Figure 6.16: Ozone profile retrievals from NIWA Lauder spectrum of 28 Nov 1998 using
the ideal and measured ILS functions. Sonde and apriori profile values are plotted for
comparison.
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Figure 6.17: Ideal ILS vs mean D.S from 19 spectra measured between 14 M a r 2000 and
29 Jun 2000. (NIWA Lauder Bruker 120M FTIR)

retrieval was performed for ozone and a simple V M R profile scaling was applied to

fit N20 and CH4 features in the regions. Pressure and temperature profiles used in

analyses were taken from the NIWA Lauder meteorological database; the data up to a
30km are direct pressure and temperature measurements by sonde.
Figures 6.18 to 6.21 show the profiles retrieved using the ideal and measured DLS

functions alongside the apriori profile and ozone profiles measured by sonde. In a

using the measured ILS function yields an improved ozone mixing ratio estimate be

28km altitude. Above 30km altitude, the ozone VMR profile retrieved using the meas

ILS is better behaved than that retrieved using the ideal ILS. The ozone VMR profi

retrieved using the ideal ILS has a large oscillatory feature between 30 and 50km

and between 20 and 30km the mixing ratio is slightly overestimated, which is cons

with the fact that the true ILS is slightly broader than the ideal fLS. The oscil
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are not as pronounced as in Figure 6.12 (model test), and Figures 6.15 and 6.16; this

is to be expected since the ILS in this case is not as severely distorted as in the oth
cases. Both spectral regions used in the analyses yield reasonable ozone VMR profile
estimates but of the two regions, the region 1168.119-1168.559cm-1 appears to yield the

best results; in Figures 6.16 through 6.18 there is a small but significant improvement

the profile retrieval in the altitude interval 22-3 5km. Overall, using the measured IL

function in the ozone VMR profile retrieval yields mixing ratio estimates consistent w
values measured by ozone sondes.
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Figure 6.18: Ozone profile retrievals from N I W A Lauder spectrum of 8 M a r 2000 using
the ideal and measured ILS functions. Sonde and apriori profile values are plotted for
comparison.
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Figure 6.19: Ozone profile retrievals from N I W A Lauder spectrum of 26 M a r 2000 using
the ideal and measured ILS functions. Sonde and apriori profile values are plotted for
comparison.
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Figure 6.20: Ozone profile retrievals from NIWA Lauder spectrum of 18 May 2000 us
the ideal and measured ILS functions. Sonde and apriori profile values are plotted for
comparison.
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Figure 6.21: Ozone profile retrievals from NIWA Lauder spectrum of 9 Jun 2000 using
the ideal and measured ILS functions. Sonde and apriori profile values are plotted for
comparison.
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Summary and discussion

For syntheticaUy generated spectra it has been shown that using the incorrect ILS func

in the retrieval of the volume mixing ratio profile of ozone can result in retrieved V

profiles which are not representative of the true profile. It has also been shown that
the correct ILS function can greatly improve the retrieved VMR profiles.
The results of the sensitivity tests with the synthetic spectra were confirmed using
actual measured spectra and measured ILS functions. Spectra coinciding with ozone
sonde launches were analysed using ideal and measured ILS functions and the retrieved
ozone VMR profiles were compared with the VMR profiles measured by the sonde. In

all cases, ozone profiles retrieved using the measured ILS functions were better estim

of the true ozone profile, as measured by ozone sonde, than were ozone profiles retrie

with an ideal ILS. The retrieved ozone mixing ratio profiles were consistent with sond
measurements, which demonstrates the value of using a measured ILS for ozone profile

retrievals, especially in cases where the true ILS varies significantly from the ideal
It was noted that the retrieved VMR profile was also sensitive to the spectral region
selected for analysis (1145cm"1 vs. 1164cm"1 region, fig. 6.15). Thus it is necessary,

where possible, to investigate a number of spectral regions to determine which ones ma
be best suited for a VMR profile retrieval.
Ozone was the only atmospheric trace gas for which independent measurements
(sonde data) were available for the evaluation of the improvements obtained when a

measured ILS is used in profile retrievals, but the positive results are an encouragin
sign that profile retrievals of other predominantly stratospheric trace gases such as
and HF might also be improved with a more accurate representation of the true ILS.
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Chapter 7
IMPROVED HBR LINE PARAMETERS
7.1 Introduction

Accurate spectroscopic line parameters are essential to the modelling of spectra and
the retrieval of the instrument line shape (ILS) function via Fourier deconvolution.

the course of developing the ILS retrieval algorithm it was noticed that measured HBr
lines associated with low J (molecular rotation angular momentum quantum number)

transitions were appreciably wider than predicted and distinctly asymmetric. Figure 7
shows a least-squares fit to the P7 and PI lines of H79Br for v = 1 *- 0 using MALT
[Griffith, 1996] and the 1996 FflTRAN database [Rothman et al, 1998]. The fit to the
PI line is noticeably poorer than the fit to the P7 line. The reason for the poor fit

the lack of hyperfme structure in the vibration-rotation lines of HBr in the 1996 HIT

spectroscopic database. Lines associated with low J values are expected to exhibit gr

separation of the hyperfme lines, which accounts for the poorer fit of lines associate
with low J values. Having recognised that the HITRAN96 HBr vibration-rotation line

parameters were lacking hyperfme structures, it was necessary to calculate improved l
parameters.
Two methods for the calculation of improved HBr line parameters are presented here.
The first method is an empirical method which can be used to quickly calculate line

parameters from previously published vibration-rotation and pure rotation line positi
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(a) CLS fit to the P7 line of H79Br in a measured spectrum
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Figure 7.1: Least-squares fit of P7 and PI lines of H79Br using the line param
the HITRAN96 compilation [Rothman et al, 1998]in the calculations. The HITRAN9
vibration-rotation line parameters for HBr do not include hyperfme structure.
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and data from the H I T R A N 9 6 database. The second method is a fundamental physical

approach to the calculation of improved line parameters. This work was done in conju
tion with Coffey, Goldman and others and has been published (Appendix A).
The empirical method had been used to calculate improved HBr line parameters
which have been used during the development of the Fourier deconvolution method for

ILS retrieval. To validate the work which had already been done using the line param

derived with empirical method, these line parameters have been compared with the lin
parameters derived with the fundamental approach.

7.2 Basic Theory

The mid-infrared spectrum of HBr arises from transitions between the individual vibr

states of the molecule. For a diatomic molecule with no nuclear coupling, the energy
levels of the molecule can be adequately described by the series expansion:

E(v, J)=TV + BVJ{J + 1) - DV[J(J + l)]2 + HV[J{J + l)]3 + LV[J(J + l)]4 (7.1)

The quantities v and J are the vibration and rotation quantum numbers. The terms Tv,

BV,DV,HV, and Lv are determined from a least-squares fit to experimentally determined
line positions.
Figure 7.2 depicts some energy levels and transitions that can be predicted using
Equation 7.1. The selection rules for the absorption spectrum of HBr are: Av = +1,
and A J = ±1.
If an atom in a diatomic molecule has a nuclear spin greater than 1/2, a nuclear

quadrupole exists and results in hyperfme splitting of the energy levels, which is r
in the pure rotation and vibration-rotation lines. Both the 79Br and 81Br nuclei have
of 3/2 so hyperfme splitting is expected to occur in H79Br as well as H81Br.
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J=2

v=l
* J=l
J=0

J=2

J=l

v=0

J=0
Figure 7.2: Schematic of some vibrational and rotational levels and transitions of HBr
in the absence of a nuclear quadrupole interaction. Selection rules for the absorption
spectrum are Av = + 1 and AJ = ±1.

Due to the coupling with the nuclear spin, the total angular momentum of the molecule

is now a function of the rotational quantum number J and the nuclear spin /, r

a splitting of the J levels into several components. The total angular momentu
represented by F [Gordy and Cook, 1970], where
F = J + I,J + I-1,J

+ I- 2...| J - I\

(7.2)
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Figure 7.3: Energy diagram for H B r molecule showing some allowed transitions in the
absorption spectrum of H B r and the hyperfme structure in the J levels.

For H B r with nuclear quadrupole interaction taken into account, the selection rules
for the vibration-rotation spectrum are: Av = -f-1, A J = ±1, AF = 0, ±1. Some of the

energy transitions that can be expected with the nuclear spin taken into considerati
pictured schematically in Figure 7.3 for comparison with Figure 7.2.
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7.3 Empirical calculation of v =

1 <- 0 HBr

line parameters with hyperfine

structure

With the few assumptions presented below and the scheme illustrated in Figure 7.4,

empirical line parameters including hyperfme structure for the HBr vibration-rotation
spectrum can be quickly calculated to provide better modelling of the measured lines.
DiLonardo et al. [1991] have measured the hyperfme structure of the pure rotation
spectrum of HBr in the v = 0 state while DeNatale et al. [1997] have made similar
measurements with HBr in the v = 1 state.
The selection rules for J and F for the pure rotational spectrum are the same in both

the v = 0 and v = 1 states so any differences in the frequency spacing of the hyperfin
lines for a given A J in each of the v = 0 and v = 1 states can thus be attributed to
difference between the energy of the nuclear quadrupole interaction between the v = 0

and v = 1 states. A comparison of the spacings of the hyperfine lines for each J tran
in the v = 0 and v = 1 states shows that the spacings only vary by about 1MHz between

the v = 0 and v =1 states. This corresponds to a spacing of about 0.0000333cm"1, which

is well below the 0.004cm"x resolution of a typical high-resolution FTIR spectrometer.
Thus, as a first approximation, it can be assumed that the energy associated with the
nuclear quadrupole interaction remains the same between the v = 0 and v=l states.

The selection rules for F are the same for the pure rotation and the vibration-rotatio
spectrum of HBr, so the hyperfine splitting in the R branch of the vibration-rotation

spectrum for v = 1 <— 0 will be the same as the splitting observed in the pure rotatio

spectrum (absorption) of HBr in the v = 0 or v = 1 state. In addition to this, the sel

rule for F remains the same in the emission (A J = -1) pure rotation spectrum. Because

of this, the hyperfine splitting in the P-branch of the v = 1 <- 0 band will be of the
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Calculate frequency differences of
line positions in each rotational
transition from tables of DiLonardo

Assign line strengths using
relative intensities from tables of
Gordy and C o o k and line strengths
from the 1996Hitran database

Assign line positions of
Braun and B e m a t h to the most
intense line of each rotational
transition

Assign positions of other lines
of the rotational transition based
on calculated frequency differences

Figure 7.4: Schematic of the process by which empirical H B r line parameters with
hyperfine structure are calculated.

magnitude but opposite sign as observed in the pure rotation absorption spectrum of H
Table 7.1 presents the measured frequencies of lines in the pure rotation spectrum
of H79Br and H81Br in the v = 0 state from DiLonardo et al. [1991]. The frequency

difference, in cm-1 between successive lines for a particular J transition and the rel
intensities expected of each line are added for reference.
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Another approximation, which will introduce line position errors, is that the calcu-

lated positions of the unsplit vibration-rotation lines is representative of the positi

the strongest hyperfine line within the transition. This approximation should contribute
an error of no more than 0.00133cm-1 to the absolute position of the calculated lines.

This error limit is based on the difference between the position of the strongest line o
the J = 1 <— 0 transitions and the weighted mean line position of the three hyperfine
lines for that transition. The J = 1 <— 0 transitions exhibit the largest splitting and
the largest difference between the position of the most intense line and the weighted

mean position of the hyperfine lines; this sets an upper limit to the error introduced b
the above approximation. Using this approximation rather than assigning the published

vibration-rotation line positions to a calculated weighted mean line position simplifies
the calculation of the new empirical line parameters. Unfortunately Braun and Bernath

[1994] did not include error estimates on the absolute line positions; this makes it dif
to estimate the total error limits on the empirical line positions.
The absolute positions of all other hyperfine lines in the same vibration-rotation

transition can be calculated relative to the position of the strongest line of the tran
using the line spacings measured from the pure rotation spectrum, as depicted in Figure 7.5. Although the error introduced through the above assumption is large (maximum
of 0.00133cm_1 for low J transitions), this should have no adverse effect on fitting the
measured HBr lines for a particular vibration-rotation transition since all calculated

parameters for that transition would be shifted by the same absolute amount and the leas
squares fitting algorithm fits the shift.
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Table 7.1: Observed line positions [DiLonardo et al., 1991 ]in the pure rotational spectrum
of H B r in the v = 0 state and the corresponding line spacing between each line in c m - 1 .
J'
1
1
1
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
5
5
5
6
6
6
6
6
6
6
6
6
7
7
7
7
7
7
7
7
7

J"
0
0
0

2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
5
5
5
6
6
6
6
6
6
6
6
6

F'
2.5
1.5
0.5
0.5
1.5
3.5
2.5
0.5
1.5
2.5
1.5
1.5
1.5
2.5
4.5
3.5
2.5
1.5
2.5
3.5
2.5
2.5
3.5
5.5
4.5
3.5
2.5
3.5
4.5
3.5
3.5
4.5
6.5
5.5
4.5
3.5
4.5
5.5
4.5
4.5
5.5
7.5
6.5
5.5
4.5
5.5
6.5
5.5
5.5
6.5
8.5
7.5
6.5
5.5
6.5
7.5

pit

1.5
1.5
1.5
1.5
1.5
2.5
1.5
0.5
2.5
2.5
0.5
2.5
1.5
2.5
3.5
2.5
1.5
0.5
3.5
3.5
3.5
2.5
3.5
4.5
3.5
2.5
1.5
4.5
4.5
4.5
3.5
4.5
5.5
4.5
3.5
2.5
5.5
5.5
5.5
4.5
5.5
6.5
5.5
4.5
3.5
6.5
6.5
6.5
5.5
6.5
7.5
6.5
5.5
4.5
7.5
7.5

H79Br
Obs.freq.(MHz)
500647.745
500780.098
500540.128
1000859.561
1000993.247
1001089.170
1001089.170
1001099.624
1001125.561
1001221.342
1001233.169
1500858.048
1500923.751
1500961.810
1501025.222
1501025.222
1501057.612
1501057.612
1501094.081
1501157.142
2000033.961
2000097.054
2000168.117
2000216.289
2000216.289
2000231.133
2000231.133
2000299.990
2000347.940
2498243.309
2498291.262
2498377.957
2498417.342
2498417.342
2498425.892
2498425.892
2498509.618
2498548.742
2995214.300
2995253.432
2995349.268
2995382.885
2995382.885
2995388.112
2995388.112
2995480.587
2995514.109
3490703.101
3490736.472
3490838.411
3490869.300
3490869.300
3490869.300
3490869.300
3490969.505
3490999.036

-1

ACT (cm )
0.00000000
0.00441177
-0.00799900
0.00000000
0.00445620
0.00319743
0.00000000
0.00034847
0.00086457
0.00319270
0.00039423
0.00000000
0.00219010
0.00126863
0.00211373
0.00000000
0.00107967
0.00000000
0.00121563
0.00210203
0.00000000
0.00210310
0.00236877
0.00160573
0.00000000
0.00049480
0.00000000
0.00229523
0.00159833
0.00000000
0.00159843
0.00288983
0.00131283
0.00000000
0.00028500
0.00000000
0.00279087
0.00130413
0.00000000
0.00130440
0.00319453
0.00112057
0.00000000
0.00017423
0.00000000
0.00308250
0.00111740
0.00000000
0.00111237
0.00339797
0.00102963
0.00000000
0.00000000
0.00000000
0.00334017
0.00098437

H81Br
Obs.freq.(MHz)
500497.385
500607.775
500407.201
1000589.654
1000701.311
1000781.685
1000781.685
1000790.374
1000811.780
1000891.762
1000901.904
1500397.407
1500477.479
1500509.455
1500562.486
1500562.486
1500589.438
1500589.438
1500618.548
1500672.518
1999446.195
1999499.039
1999558.663
1999598.929
1999598.929
1999611.227
1999611.227

A<r ( c m - 1 )
0.00000000
0.00367967
-0.00668580
0.00000000
0.00372190
0.00267913
0.00000000
0.00028963
0.00071353
0.00266607
0.00033807
0.00000000
0.00266907
0.00106587
0.00176770
0.00000000
0.00089840
0.00000000
0.00097033
0.00179900
0.00000000
0.00176147
0.00198747
0.00134220
0.00000000
0.00040993
0.00000000

—

—

1999708.835
2497500.938
2497541.313
2497613.694
2497646.943
2497646.943
2497653.929
2497653.929
2497723.144
2497756.388
2994318.221
2994351.362
2994431.386
2994462.700
2994462.700
2994462.700
2994462.700
2994540.738
2994569.094
3489654.576
3489682.989
3489768.223
3489794.468
3489794.468
3489794.468
3489794.468
3489877.200
3489902.341

0.00325360
0.00000000
0.00134583
0.00241270
0.00110830
0.00000000
0.00023287
0.00000000
0.00230717
0.00110813
0.00000000
0.00110470
0.00266747
0.00104380
0.00000000
0.00000000
0.00000000
0.00260127
0.00094520
0.00000000
0.00094710
0.00284113
0.00087483
0.00000000
0.00000000
0.00000000
0.00275773
0.00083803

Relative
intensity (%)
50.000
33.333
16.667
1.667
10.667
40.000
21.000
8.333
1.000
9.000
8.333
0.286
4.000
5.224
35.714
24.490
16.000
10.000
0.204
4.082
0.085
2.296
3.023
33.333
25.463
19.133
14.286
0.066
2.315
0.034
1.481
1.959
31.818
25.785
20.741
16.667
0.028
1.488
0.016
1.033
1.369
30.769
25.888
21.694
18.182
0.013
1.036
0.008
0.761
1.010
30.000
25.905
22.316
19.231
0.007
0.762
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Figure 7.5: Schematic s u m m a r y of the assignment of absolute line positions and
intensities to hyperfine lines, as described in the text. W a v e n u m b e r (x-axis) increases
from left to right.

T h e s u m of the integrated absorption line strengths of the hyperfine structure is equal

to the integrated absorption line strength of the unperturbed vibration-rotation line. Thus

if the relative intensities of the hyperfine lines are known, they can be multiplied by the
absorption line strengths in the 1996 HITRAN database to obtain the absorption line
strengths of the hyperfine lines.
The relative intensities of the hyperfine lines can be calculated from theory. For the
HBr molecule, the relative intensity of a line is given by the following equations [Gordy
and Cook, 1970,page 299]:

(J + F + I + l){J + F + I){J + F-l)(J + F-I-l)
forF^F-1 (7.3)
F
(J + F + I+1)(J+F-I)(J-F +
F(F + 1)

I)(J-F-I-1)(2F+1)

for F<-F

(7.4)

{J-F + I)(J -F + I- 1)(J -F-I- 1)(J -F-I-2)
forF<-F+l (7.5)

F+l

T h e results of these calculations have been normalised and tabulated by Gordy and
Cook [1970] and are reproduced in Table 7.2.
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Table 7.2: Relative line intensities of the hyperfine lines of HBr. Reproduced from Gordy
and Cook [1970, Appendix LX].

J
0
1

2

3

4

5

6

F
1.5
0.5
1.5
2.5
0.5
1.5
2.5
3.5
1.5
2.5
3.5
4.5
2.5
3.5
4.5
5.5
3.5
4.5
5.5
6.5
4.5
5.5
6.5
7.5

Y(J,F)
0.000000
0.250000
-0.200000
0.050000
0.250000
0.000000
-0.178571
0.071429
0.200000
-0.050000
-0.166667
0.083333
0.178571
-0.071429
-0.159091
0.090909
0.166667
-0.083333
-0.153846
0.096154
0.159091
-0.090909
-0.150000
0.100000

F
^F-l
50.000
8.333
21.000
40.000
0.000
0.000
0.286
0.204
0.000
0.000
0.085
0.066
0.000
0.000
0.034
0.028
0.000
0.000
0.016
0.013
0.000
0.000
0.008
0.007

F^F F^F + 1
33.333
8.333
10.667
9.000
0.000
4.000
5.224
4.082
0.000
2.296
3.023
2.315
0.000
1.481
1.959
1.499
0.000
1.033
1.369
1.036
0.000
0.761
1.010
0.762

16.667
0.000
1.667
1.000
10.000
16.000
24.490
35.714
14.286
19.133
25.463
33.333
16.667
20.741
25.785
31.818
18.182
21.694
25.888
30.769
19.231
22.316
25.905
30.000

The pressure broadening coefficients for self-broadened and air-broadened lines were
taken from the 1996 HITRAN database [Rothman etal, 1998].
The file "HBr.emp.htr" contains the empirically derived line parameters calculated
using unsplit vibration-rotation lines from Braun and Bernath [1994], rotational line
spacings obtained from DiLonardo et al. [1991], relative line intensities from Gordy

Cook [1970], and absolute (unsplit) line intensities and pressure-broadening coefficie
from the 1996 HITRAN database [Rothman et al, 1998].
Figure 7.6 demonstrates the improvement which is obtained in the fit between a
measured spectrum and synthetic spectrum calculated with the new line parameters; see
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Figure 7.6: A least-squaresfitof the H 7 9 B r PI line using synthetic H B r spectra generated
with the new, empirically derived, line parameters.

Figure 7.1 for comparison. This demonstrates that the n e w hyperfine line parameters are
consistent with the observed vibration-rotation spectrum. There is still a discrepancy
thefitdue to a non-ideal ILS, as discussed later in this chapter.
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7.4 Calculation of improved HBr line parameters from theory

The chief disadvantage of the empirically calculated line parameters is that line pa-

rameters can only be calculated for vibration-rotation lines whose positions have bee

measured and whose corresponding pure rotational lines and hyperfine splitting have a
been measured.
Subsequent to the empirical derivation of new HBr vibration-rotation line parameters

and in conjunction with Coffey et al [1998], new vibration-rotation line parameters w

calculated for the HBr v = 1 «— 0 transitions using an energy equation and spectrosco
parameters provided from previous experimental measurements. This method permits the

calculation of line positions even for lines which have not been observed in the spec

from which the spectroscopic parameters have been derived. The theoretical calculatio
and the spectroscopic parameters used in the calculations are described here.
Braun and Bernath [1994] express the energy of the HBr molecule in any particular
vibrational and rotational state using Equation 7.1.
The vibrational constants Tv, and the rotational constants Bv, Dv, and Lv are reproduced in Table 7.3 for both H79Br and H81Br.

Table 7.3: H B r vibronic constants from Braun and Bernath [1994]
v = 2
v = l
v = 0
H 7 9 Br

H 8 1 Br

T
J-v
By
Dv
Hv
Lv
T
J-v
By
Dv
Hy
Ly

—

8.351030806
3.44287E-04
7.796E-09
-3.314E-13
—

8.348448996
3.44E-04
7.77E-09
-3.19E-13

2558.913382000 5027.337570000
8.1190713
7.8876846
3.41316E-04
3.38745E-04
7.57E-09
6.669E-09
—
-5.0E-13
2558.529082
8.116589
3.41E-04
7.42E-09
-4.04E-13

5026.5965
7.8853273
3.39E-04
6.74E-09
—
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Table 7.4: Hyperfine constants for H B r [DiLonardo et al, 1991; DeNatale et al, 1997]
H 7 9 Br

H 8 1 Br

v = 0

eQq {cm-1)
Xj(cm- X )
C/Ccm" 1 )

1.7753161E-02
1.077E-06
9.642795E-06

1.4830844E-02
8.439E-07
1.040597E-05

v = l

eQq {cm-1)
Xjlcm- 1 )
Ci (cm- 1 )

1.8089059E-02
1.097E-06
9.963309E-06

1.5205470E-02
8.139E-07
9.906604E-06

The energy of the interaction with the nucleus, En, can be calculated using the
hyperfine spectroscopic parameters of DiLonardo et al. [1991] and DeNatale et
[1997] and the equation:

En{v, J, F) = -[{eQq)v + (XJ)VJ(J + 1)]Y(J, F) + -{CT)yC

(7.6)

The term eQq is thefirst-orderquadrupole term, X J is the centrifugal distortion term,

and Cj is the nuclear magnetic term. The term Y{J,F) is the efficiency and si
coupling. The values of Y(J, F) are given in Table 7.2 but can be calculated
Cook, 1970] from the equation:
y(jn
rW

'

fC(C + l)-/(/ + l)J(J + l)
~ 2(2J-1)(2J +3)7(27-1)

]

(7.7)

7 is the nuclear spin of bromine, which in this case is 3/2 for both the 79 Br and 81 Br

isotopes. The value of C is the same in both the expression for En and Y(J, F)
be determined from the equation [Gordy and Cook, 1970]:

C = F{F+1)-J(J + 1)~ 7(7+1)

(7.8)

The hyperfine constants eQq, XJ, and d from DiLonardo et al. [1991] and DeNatale
et al. [1997] are presented in Table 7.4 for both isotopes of HBr.

Adding Equations 7.1 and 7.6, the energy of HBr in terms of cm-1 given any part
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ular combination of v, J, and F, can be expressed as:

E(v, J, F) = E(v, J) + En(v, J, F) (7.9)

Using the preceding equations, the spectroscopic constants in Tables 7.3 and 7.4,

the selection rules At; = +1, A J = ±1, and AF = 0, ±1, the absolute line position

of each allowed transition can be calculated. The absolute absorption line intens

be calculated by multiplying the line intensity of the unsplit vibration-rotation
obtained from the 1996 HITRAN database [Rothman et al, 1998], by the normalised

relative intensity of the line (Equations 7.1 to 7.5 and Table 7.2). Aaron Goldma

University of Denver has performed all the calculations; these new line parameter

be included in the next release of the HITRAN database. The improved line paramete
can be found in the file "HBr_ag.htr" on the accompanying CD.
Figure 7.7 shows a least squares fit of the H79Br PI line using the theoretically
derived line parameters for the HBr hyperfme structure. As with Figure 7.6, there

remaining lack of fit around the line centre. Figure 7.8 shows the residuals of th

from Figures 7.6 and 7.7 for comparison; there is no significant difference betwe

residuals. The persistence of the lack of fit in both Figures 7.6 and 7.7 is a cl

that the remaining lack of fit is due to poor modelling of the true ILS and not to

discrepancy in the two sets of improved HBr line parameters which have been calcul
independently.

7.5 Conclusions

The poor fit to the low-J lines in the vibration-rotation spectrum of HBr which wa

observed when the 1996 HITRAN line parameters were used for the spectral fitting w

due primarily to the absence of hyperfme lines in the 1996 HITRAN database. Such a
202

25000-

£» 2400(H
W5

23000-

•e
<

220001

210001
10Residual {%)

2542.15

2542.2

2542.3

2542.25

o (cm1)
Figure 7.7: A least-squaresfitof the H 7 9 B r line using synthetic H B r spectra generated
with the new line parameters calculated from theory.
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large discrepancy makes it impossible to use the 1996 H I T R A N line parameters in the
retrieval of the instrument line shape function from some lines of HBr.
Empirically calculated line parameters and line parameters calculated from theory

yielded an improved least squares fit to the low-J lines of the HBr vibration-rotati

spectrum. These two improved line parameter sets agree to within 0.001cm-1 for the ab

solute position of spectral lines and from 0.01% to 5% on the line strengths for str
weak lines respectively. During the development of the Fourier deconvolution method
D.S retrieval, the empirically derived line parameters were the only ones available

have thus been used during the early phases of the project. Since the empirically de
line parameters are consistent with the line parameters calculated from theory, the
work which made use of the empirically derived line parameters should be valid. For

subsequent work the line parameters calculated from theory were used because the lis

more complete and the errors in absolute line positions are smaller. The accuracy of

positions is important for fitting spectra of multiple gases over larger spectral in
than are used for ILS retrievals.
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Chapter 8

SUMMARY AND CONCLUSIONS
The aims of the this thesis as set out in Chapter 1 have all been met. First of all,
a reliable method has been developed for the measurement of real FTIR spectrometer

instrument line shape (ILS) functions. Secondly, the effects of a non-ideal ILS on tot
column and profile retrievals has been investigated. Finally, ILS functions retrieved
actual measurements have been used to improve the profile retrieval of ozone.
A Fourier deconvolution method for estimating the instrument line shape function of
a high-resolution FTIR spectrometer has been developed (Chapter 3). The ILS retrieval
technique was tested using known distorted ILS functions calculated from theoretical
considerations and it was demonstrated that the Fourier deconvolution method yielded
good estimates of the true ILS. Comparisons with the independently developed ILS
retrieval technique Linefit [Hase et al, 1999] showed excellent agreement between the

two techniques (Section 3.6). In a comparison of the techniques under ideal conditions

ILS functions were retrieved from noisy spectra which were synthesised with a non-idea
ILS. The retrieved ILS functions were then used to retrieve HBr amounts from these

synthetic spectra. The results in all cases agreed to within 0.5% of the true HBr amou
used in the spectral synthesis; in comparison, analyses of the synthetic spectra with
assumption of an ideal ILS yielded HBr amounts which were low by about 8%. In tests

with real HBr cell spectra, using the ILS functions retrieved via Fourier deconvolutio

and Linefit improved the estimates of the HBr amounts in all but the worst case; resul

obtained with the Fourier deconvolution ILS and Linefit ILS agreed to within 1 % while
results obtained with the ideal ILS differed by up to 12%.
Methods were developed to demonstrate that a measured ILS function was represen-

tative of the true ILS function during routine solar FTIR measurements despite vari

in the experimental conditions between ILS measurements and solar FTIR measurements
(Chapter 4). The consistency of the ILS between ILS measurement and solar FTIR.
measurement conditions is a key point to establish; it permits some flexibility in
measurement of ILS functions and establishes sound grounds for using ILS functions

measured from cell spectra in the analysis of routine solar FTIR spectra. In princi

these techniques can be extended to the cross-checking of ILS functions retrieved w

other gases and DLS functions retrieved at various regions throughout the mid-infra
spectrum.
An ILS model and an ILS parameter retrieval routine were developed for the purpose

of extending ILS information to other spectral regions (Chapter 5). Model tests dem

strated the non-unique nature of retrieved ILS parameters while ILS functions estim

from real spectra could not be exactly reproduced by the ILS model; because of thes

facts, the idea of measuring an ILS within a single narrow spectral region and usin

information from that ILS to synthesise an ILS in other spectral regions was abando
The effects of a non-ideal ILS on total column amount and VMR profile retrievals

were investigated using synthesised spectra (Chapter 6). The results of the investi

suggested that errors in retrieved total column amounts using a classic least-squar

analysis method were insignificant for gases which are found predominantly in the t
posphere such as N2, N20 and C02 while for trace gases which are found predominantly

in the stratosphere, the error in retrieved total column amounts may be of the orde
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a few percent. These results demonstrate a need to measure the ILS for the purpose of
achieving improved total column estimates of stratospheric trace gases. In investigating
the ILS effects on V M R profile retrievals, the case of ozone was studied. The results
suggested that significant improvements can be made in the profile retrieval if an appropriate estimate of the true ILS is used in the analysis. Subsequent profile retrievals
from actual measurements for which independent ozone measurements were m a d e by
ozone sonde, and for which suitable ILS measurements were available, demonstrated
that significant improvements in the retrieved ozone profile could be obtained. The ozone
V M R profiles obtained with the use of the measured ILS functions were consistent with
ozone sonde measurements whereas ozone V M R profiles retrieved assuming an ideal
ILS varied significantly from ozone sonde measurements, especially in cases where ILS
distortions were more evident.
In the course of this work it was noted that the 1996 H I T R A N database did not have
hyperfine structure in the vibration-rotation lines of H B r and improved line parameters for
the v = 1 <— 0 band of H B r were subsequently calculated (Chapter 7 and Appendix A ) .

Recommendations

The following recommendations are made based on results presented in this thesis:
1. The F T I R spectrometer line shape should be measured at least twice a month at
regular intervals. The aim of thesefrequentmeasurements is to provide appropriate
ILS functions to be used in the analysis of spectra and to monitor the performance
of the spectrometer.
2. At present there are no reliable means of extrapolating an ILS function to a spectral
region far from the region at which the ILS was determined. Because of this, it
is necessary to measure the ILS at as m a n y spectral regions as is practical. M e a surements at around 1160cm" 1 with an N 2 0 cell and 2450cm- 1 with an H B r cell
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are strongly recommended. The ILS at 1160cm- 1 has been proven to be of value
in ozone V M R profile retrievals while the ILS at 2450cm- 1 is a more sensitive
indicator of spectrometer misalignment. ILS retrievals from other regions should
be explored; Geoffrey C. Toon of the Jet Propulsion Laboratory has suggested using
carbonyl sulfide ( O C S ) because of its m a n y strong absorption lines throughout
the mid-infrared region and its relatively narrow Doppler width due to the high
molecular mass.
3. A measured ILS function should be used in the analysis of spectra wherever it
is possible and where an improvement in the analysis m a y be expected. The
techniques developed in Chapter 6 can be used to assess the impact of using the
measured ILS as opposed to using the ideal ILS in an analysis.
4. If all lines analysed in one spectralfilterregion have Doppler widths which are
m u c h greater than the width of the ILS function then there is little gained in having
such a high resolution. In such cases it m a y be advisable to measure spectra at a
reduced resolution to improve the signal-to-noise ratio of the spectra.
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Appendix A
PUBLISHED PAPER: IMPROVED HBR LINE PARAMETERS

Article below removed for copyright reasons.
Please see print copy for the article:
Coffey, M.T. et al. 1998, ‘Note: Improved vibration-rotaiton
(0-1) HBr line parameters for validating high resolution
infrared atmospheric spectra measurements’, Journal of
Quantitative Spectroscopy and Radiative Transfer, vol. 60, no.
5, pp. 863-867.

Appendix B
DERIVATION OF THE OPTIMUM APERTURE AND
ILLUMINATION RATIO
B.l Optimum Aperture

The total intensity, I, at the detector is proportional to the solid viewing an

instrument. J7 in turn can be expressed in terms of the aperture diameter 6 an
focal length L.
I oc

Q

=> I = M) (B.l)

fi = ^,for0«L (B.2)
AL2
The modulation efficiency of crmaa; at maximum optical path difference is given
the equation:
E =

^ { 27T J

(B>3)

The equation to be maximised is the product of I and E [Brault, 1985]
7E = Ar»sine (gT""2^") (B.4)

Substituting Equation B.l for co in Equation B.4 and applying the definition o
sine function yields:
IE = ^ SmlTra^X^/iSL2)] (B.5)
0~max%max

Since k, amax and xmax axe constants, the maximum of Equation B.5 occurs when

operand of the sine function evaluates to TT/2. Solving for 9 under this condi
the optimum diameter for the aperture:

0 = 2Li

(B.6)
"max %max

B.l

Illumination Ratio

Case 1: Off-axis shift exceeds the aperture radius

(0,0)

Figure B.l: Off-axis aperture with a shiftft> r

Figure B. 1 shows an aperture off-axis by 0, where (3 > r and r is the radius of the
aperture. The effective radius R over the entire aperture ranges from (ft — r) < R

(/? + r). For each value of R, the half-angle of the arc on the aperture which is

by the arc of the effective aperture is 6. The quantity which is readily calculat

Figure B.l is cos(0); 6 is easily calculated from this. The following equations ho
for Figure B. 1:
x2 + y2 = R2

{B.l)

(x-/3)2 + y2 = r2

(B.8)

These two equations can be manipulated to obtain 6:

y2 = R2- x<

(B.9)

y2 = r2-(x-py

(B.10)
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Aperture

(r-ft 0)

Figure B.2: Off-axis aperture with a shift /? <

R2 -

2
x

= r2 - x2 + 2xp - (32

2x(3 = R2-r2 + /32

(B.12)

R2-r2 + f32
x

2/5

9 = cos 1

(B.ll)

'R2-r2+f32'

(B.13)
(B.14)

The illumination ratio is simply 9/TT.

Case 2: Off-axis shift is smaller than the aperture radius
Figure B.2 shows a generalised case of an off-axis aperture with radius r and
in case 1, the objective is to find a simple expression for cos(0).

For effective apertures with a radius R where R < [r - /3), the illumination r

and there is no need to solve for cos(0). For R> (r — beta), cos(0) can be calcu
starting with equations for x and y which can be derived from Figure B.2.

x = R cos(9)

(B.15)
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x = rcos{a)+p

(B-16)

y = Rsm(0) (B.17)
2/ = rsin(a) (B.l 8)
Combining Equations B.l5 and B.l6 yields

cos(0) = y—£ (B 19)

Now cos(cv) must be expressed in terms of cos(0) which can in turn be expresse
of sin(0). Combining and squaring Equations B.17 and B.l8 yields:
. 2/ x R2sin2(0)
sin* (a) =

^-

(B.20)

Using the trigonometric identity cos2 (a) = 1 - sin2 (a) and substituting Equat
for sin2 (a) yields
2(

, , R2sm2(9)
cos2 (a) == 1

^^-2

(B_21)

Solving Equations B. 15 and B. 16 for cos(o;) and squaring the result yields
'Rcos(6)-/3' 2
cos (a) = I
^ — £ 1
2

(B.22)

Combining Equations B.22 and B.21 yields
i?2cos2(fl)-2/3rcos(fl)+/?2 R2sm2{9)
^

1

^

(B.23)

Using trigonometric identities and rearranging expressions, this can be written
R2 cos2 (9) - 2/3r cos{9) +/32 = r2 - R2 + R2 cos2{9) (B.24)
This ultimately yields the equation for 6
9 = cos-1 (9) = cos"1 (-

J~^~j

(R25)

which is equivalent to Equation B.14.
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Appendix C
SOFTWARE GUIDE
C.l The Fourier deconvolution package
C.I.J Using "getils.ab"

To use the Fourier deconvolution software, the following files must be on the compute
1. Array Basic files
(a) getils.ab
(b) decspec7.abh
(c) kcalc2.abh
(d) kcustom.abh
(e) kp2.abh
(f) rampgen.abh
(g) taper2.abh
(h) zerolils.abh
2. Executable files
(a) convolvl.exe

Other files which may be needed but aren't directly used by the deconvolution routine
are:
1. malt32.exe
2. lister.exe

Setting up "getils.ab "

All Array Basic files should be placed in the appropriate Grams directory. The file

"convolvl .exe" should be placed in a directory which is in the computer's PATH varia
On line 35 of "getils.ab", "wk_dir", the directory containing the input file must be

On line 39 the "malt directory", "malt.dir" is set. The malt directory must contain t

monochromatic transmission spectra used by the C L S routine in performing the baseline
correction to the measured spectra. Line 67 opens the inputfile,which must be in the
working directory. The default name for the inputfileis "input.txt", but this can be
altered on line 67. O n line 195 an control file is created for "convolvl.exe". The path
and n a m e of the controlfilewill need to be set. A n y n a m e and path will do, provided the
appropriate alterations are m a d e to line 212 as well. O n line 212 the convolution routine
is invoked to convolve the monochromatic spectra with the latest ILS estimate. Either a
PIFfileor a D O S c o m m a n d line m a y be used to control the program. A D O S c o m m a n d
line m a y read something like: d o s " c o n v o l v l . e x e < c o n i n . t x t " .
After making the appropriate alterations to "getils.ab", a fewfileshave to be created
before the program can be run. The necessaryfilesare:
1. Inputfile:Thisfilecontains information needed to analyse each spectrum; the
format of thefileis presented below.
2. Monochromatic absorption spectra: These are the monochromatic absorption spectra of the individual lines from which the ILS is to be determined.
3. Monochromatic transmission spectra: These are the monochromatic transmission
spectra multifiles used by the C L S routine in stripping out baseline and extraneous
spectral features before the deconvolution.
M A L T will n a m e the multifile spectra "[basename]m.spc"; the names should be
changed to "fbasenamejl.spc". W h e n "getils.ab" runs it will convolve the estimated ILS
with afilenamed "[basenamejl.spc" to produce afile"[basename]m.spc" which is the
file that is actually used in the baseline correction procedure.
Tip: If the monochromatic transmission spectra "[baseline]l.spc" have 2 n points and
the convolved spectra "[baseline]m.spc" have 2m points then the convolution proceeds
very quickly (a matter of seconds); if these conditions are not met the convolutions m a k e
take hours.
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The "getils.ab" input file

The inputfilefor "getils.ab" has the following format:
Line 1: comments
Line

2:

comments

Line

3:

comments

Line

4:

path and name of input spectrum

Line

5:

collimator focal length, collimator diameter,
maximum iterations, debug

Line

6:

(1 = debug)

fit? 0 = no 1 = yes
resolution, aperture, off-axis shift,
off-focus shift, phase error,
linear modulation loss

Line

7:

Initial guesses for:
resolution, aperture, off-axis shift,
off-focus shift, phase error,
linear modulation loss

Line

8:

incremental change for:
resolution, aperture, off-axis shift,
off-focus shift, phase error,
linear modulation loss

Line

9:

convergence criteria for:
resolution, aperture, off-axis shift,
off-focus shift, phase error,
linear modulation loss

Line 10:

comment

Line 11:

path and name of monochromatic absorption
spectrum of the ILS retrieval gas.

Line 12:

comment

Line 13:

path and name of monochromatic transmission
spectrum for baseline correction

Line 14:

comment

Line 15:

R e t r i e v e d ILS file name

(output)

Line 16:

comment

Line 17:

starting, ending wavenumber,

Line 18:

p r e p r o c e s s i n g r o u t i n e # (in k c u s t o m . a b ) ,

linecentre

baseline parameters: 0 = none
2 = slope
f i x k-intercept

1 = offset
3 = quadratic,

at 0? default = 0 (no) ,

d e b u g g i n g flag; leave at 0
Line 19:

O u t p u t f i l e n a m e for ILS e s t i m a t e d by
n o n - l i n e a r least squares p a r a m e t e r

Line 20:

retrieval

R e p e a t of lines 10 to 19 to d e c o n v o l v e the ILS
f r o m a n o t h e r line in the same spectrum OR
+++ to b e g i n a n a l y s i n g a n o t h e r spectrum; in this
c a s e l i n e s 1 to 19 are r e p e a t e d OR
... t o e n d the input file

To facilitate the generation of the input file, a program "lister.exe" has b
This program is described in detail in Appendix C.1.2.

Output files of "getils.ab "
When "getils.ab" runs, it creates the following output files:

• batfile.log : An input file for the non-linear least squares ILS paramete
algorithm.
• conin.txt : A n inputfilefor the convolution program "convolvl .exe"

• info.log : Summary of operations; thisfileis c o m m a delimited and contains the
spectralfilename,R M S residual, absorber amount, and standard error of prediction
for each iteration of the ILS retrieval routine.
• errors.log : Thisfilesummarises some problems encountered during the ILS
retrieval process.
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C.1.2 Using "lister.exe"

The program "lister.exe" produces an input file for "getils.ab" by combining inf
from a spectrumfilelist and a list containing parameters for the analysis. Experience
with analysing gases to determine the ILS ultimately leads to certain lines being favoured
in the analyses. The parameters needed to analyse these lines can be put into a single,
small, file for later reference. The advantage of using such a parameter file is that it
ensures all spectra are processed uniformly. Thisfilecontains a few lines of essential
information that is needed for all routine analyses and book-keeping is facilitated by
having this information in a few shortfilesthat are kept in a key directory rather than
in lengthy getils inputfilesscattered through several directories. It is likely that several
analysis parameter will be necessary, eachfilehaving information for processing different
lines in different spectral regions and even information for processing the same lines as
measured with different instrument settings or with a different spectrometer.

The spectrum file list

This is a text file which contains a list of path and file names for the spectra
as in the following example:
d:\spectra\globar\misc\x9982902.spc
d:\spectra\globar\misc\x9982903.spc
d:\spectra\globar\misc\x9990201.spc
d:\spectra\globar\misc\x9990202.spc
d:\spectra\globar\misc\x9990203.spc
d:\spectra\globar\misc\x9990204.spc
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The analysis parameters file

The format of the analysis parametersfileis very similar to the getils input format; after
all, it does contain everything but the names of the spectra to be analysed.
Lines 1 to 5 correspond to lines 5 to 9 of the getils
input

file

L i n e 6 is a f l a g ; 0 = e n d of file, 1 = more p a r a m e t e r s
follow
L i n e 7 I L S n a m e p r e f i x ; t h i s 3-character string is tacked
o n t o t h e n a m e of the input file to produce a unique name
for t h e I L S d e r i v e d f r o m a p a r t i c u l a r line. For example,
it m a y b e

" P 5 a n to i n d i c a t e that the line b e i n g analysed

is t h e P 5 l i n e of o n e isotope of H B r .
L i n e 8 c o r r e s p o n d s to line 11 of the getils input file
Line 9 c o r r e s p o n d s to l i n e 13 of the getils input file
L i n e 10 c o r r e s p o n d s to line 17 of the getils input file
Line 11 c o r r e s p o n d s to line 18 of the getils input file
L i n e s 12+ a r e i t e r a t i o n s of lines 6 to 1 1 ; the n u m b e r of
i t e r a t i o n s d e p e n d s o n h o w m a n y lines are to be analysed

Convolvl.exe

Convolvl.exe convolves a monochromatic transmission spectrum with an arbitr
function. This program is normally invoked by the Fourier deconvolution routine through
a batchfile,but it m a y also be run from the command line. The inputs expected are:
1. path andfilename of monochromatic spectrum
2. path andfilename of ILS
3. path andfilename of spectrum for point-matching
4. path andfilename of output spectrum
5. instrument resolution

CI.3

MALT32.EXE

M A L T 3 2 is a modified version of M A L T [Griffith, 1996]. The modifications include

the ability to combine features from atmospheric and cell spectra, the option o

FASTCODE [Gallery et al, 1983] for the raytracing, and the ability to produce a

atmospheric spectra with layers amounts perturbed by (1+KPERT) for the investig

of averaging kernels. The input file is best produced through the array basic p
"malt32.ab".

C.2 ILS prediction and modelling software
C2.1 ILS3b.exe
This program creates an ILS based on the ILS forward model in "s_d_3.for". The
inputs are as follows:
1. line centre in c m - 1
2. resolution in c m - 1
3. collimator focal length in m m
4. collimator diameter in m m
5. aperture diameter in m m
6. aperture off-axis shift in m m
7. aperture off-focus shift in m m
8. constant phase error, in degrees
9. linear modulation loss
10. apodisation code:
0,1 boxcar
2 triangle
3 Hamming
4 Norton-Beer weak
5 Norton-Beer medium
6 Norton-Beer strong
7 Blackmann-Harris
11. shift compensation: 0 = don't shift, 1 = compensate for ILS peak shift
12. outputfilename (spc file)
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C.2.2

Specjdist.exe

This program produces a Grams SPCfilecontaining the monochromatic intensity distribution function as calculated with "s_d_3.for". The expected inputs are:
1. collimator focal length in m m
2. instrument resolution in cm - 1
3. line centre
4. collimator diameter in m m
5. aperture off-axis shift in m m
6. aperture off-focus shift in m m
7. outputfilename

C.2.3 Nllsqils. exe

This is the Levenberg-Marquardt non-linear least-squares ILS paramet
with an ILS forward model based on the "s_d_3.for" routine. The program is normally

invoked through a batch file and input is directed by an input file. The program can be r

from the command line and with keyboard input but this would be very awkward because
the routine has no descriptive prompts. The inputfilehas the following format:
Line 1 comment
Line

2

comment

Line

3

ILS to be analysed

Line

4

output file name for reconstructed ILS
or " " for none

Line

5

line centre, collimator focal length, collimator
diameter, max iterations, 0, 0 (Zero values are
debug flags)

Line

6

initial parameter guesses ... corresponds to
line 7 of the getils input file

Line

7

Fit ? . . . corresponds to line 6 of the getils
input file

Line

8

incremental parameter changes ... corresponds to
line 8 of the getils input file

Line

9

convergence criteria ... corresponds to line 9
of the getils input file

Lines 10+

repeat lines 1 through 9 for each additional
ILS to be analysed

The output to screen is verbose and contains supplemental informati
variance matrix, the x2 value of thefit,and the number of iterations. This output can

be redirected to afileif necessary. The standard output is a file named "LM_summ.csv

which contains only the file name of the input ILS, the x 2 value of thefit,and the val
of the ILS parameters.

C3 Miscellaneous software
C.3.1 Apodise.exe

Apodise.exe convolves a monochromatic transmission spectrum with an
using the "s_d_3.for" routine. The program was written primarily for batch jobs and as
such does not have a descriptive prompt when runfromthe D O S command line. The
expected input format is as follows:
Line

1

monochromatic spectrum file name

Line

2

output file name

Line

3

file to match point spacing

Line

4

aperture diameter, off-axis shift, off-focus
shift, phase error, linear modulation loss

Line

5

resolution, focal length, collimator diameter

Line

6

Apodisation code, shift compensation

The apodisation code is the same as in Appendix C.2.1. Shift compens

to 1 to compensate for the wavelength shift due to a non-zero aperture size; otherwise
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should be set to 0.

C.3.2 Pbp2spc.exe

This program converts an SFIT output file "*.pbp" into a Grams SPC file. The

is the path andfilename for thefileto be converted; afileextension of ".pbp" is expected.

C.3.3 SpcJbnr.exe

This program converts a Grams SPC file into a binary file in a format which
by SFIT and its associated software. The program m a y be used to extract small portions
of the S P Cfile.The expected inputs are:
destination directory
starting wavenumber
ending wavenumber
SPC f i l e n a m e ( s )

The SPC files must end with ".spc".

C.3.4 Bnrspc.exe

This program converts an SFIT compatible BNR file into a Grams SPC file. The
inputs are:
destination directory
BNR f i l e n a m e

The BNR files must end with ".bnr".

C.3.5 Convert4.exe

The program "convert4.exe" converts single spectra in Bruker OPUS format int
B N R and/or Grams S P C formats. The graphical interface works in a more or less intuitive
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fashion. Small segments can be extracted from the spectra by entering values into the
"starting wavenumber" and "ending wavenumber" fields. The "microwindow code" field

is a single character used to identify the microwindow extracted; this field is on

when the option "parse filenames" is checked. The option "parse filenames" only wor

properly for certain data collected for the Bruker 120M FTIR of NIWA at Lauder, New
Zealand; it parses the filenames to extract certain information about the filters

year, and sequence number for the day. The "keep basename" option retains the origi
base name of the spectrum and only changes the file extension to derive the output

name; if this option is not selected then the program will prompt for a file name f

every file which it converts. The "keep *.tmp file" option retains a copy of the t

OPUS header file which is produced during the format conversion; it is sometimes us

for diagnostic purposes. With the option "search subdirs" selected, the program wi
for files to convert within the specified path and all of its subdirectories.

C.3.6 Fjconvert
This program converts a ZPT and VMR profile from an SFIT/FASTCODE compatible

format into a format which can be used by MALT. Unfortunately all variables are har

wired and the source (Lconvertfor) needs to be edited and re-compiled as necessary.

Appendix D
MISCELLANEOUS SOFTWARE LIBRARIES
D.l GRMSIN2.FOR

This file contains routines for reading the GRAMS SPC main header and any specifie
multifile. The onlyfileformat supported is 32-bit scaled integer stored in "natural order"
( F V E R S N = 4 B h or 75d). Furthermore, the only supported values for " F T F L G S " are 0
(single spectrum with equal x-spacing) and 4 (multifile with equal x-spacing).

D.l.l Subroutine GRAMS MEAD
Function: reads information from the GRAMS main header
Subroutine grams_head(luspc, spc_fil, NPTS, NSUB,
ffirst, flast, iytype, fres, fcmnt)

Optional :: iytype, fres, fcmnt

Character*256 spc_fil Path & name of input file
Character*128 fcmnt

Optional comment line from main
header

Character*9

fres

Integer*4 luspc,NPTS,NSUB

Optional resolution parameter
luspc = Unit for I/O operations
NPTS = # of points in spectrum
NSUB = total # of subfiles

Integer*l iytype (optional) Y-axis units:
0 arbitrary intensity
1 transmission
2 absorbance (base 10)

Real*8 ffirst,flast

ffirst = first wavenumber
flast = last wavenumber

D.1.2 Subroutine GRAMSJN

Function: reads in a specified subfile
Subroutine grams_in(spec,NPTS,NSUB,spc_fil,luspc)

Character*256 spc_fil
Path & name of input file
Integer*4

luspc,NPTS,NSUB,
luspc = Unit for I/O operations
NPTS = # of points in spectrum
NSUB = total # of subfiles

Real*8 spec(NPTS) Array for storing input spectrum

Uses the header file GRMSIN2.H

D.2 GMSJLLT.FOR

GMS_ALT.FOR is the alternative to GRMSIN2.FOR. The main difference i

subroutines presume that the calling program has opened the file to be read and that the

subfiles are to be read in sequence. "NEXT J N " will only read in the next spectralfile
cannot be used to read a subfile out of the normal sequence.

D.2.1 Subroutine MAINJN
Function: reads information from the GRAMS main header
Subroutine main_in(luspc,NPTS,NSUB,ffirst,flast,iytype,
MULTI,fscal, fres,fcmnt)

Optional :: iytype, fres, fcmnt,MULTI,fseal
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Character*128 fcmnt

Optional comment from main header

Character*9

Optional resolution parameter

Integer*4

fres

luspc,NPTS,NSUB
luspc = Unit for I/O operations
NPTS = # of points in the spectrum
NSUB = total # of subfiles

Integer*l iytype

(optional) Y-axis units:
0 arbitrary intensity
1 transmission
2 absorbance

Integer*l fscal
Real*8

(base 10)

exponential scaling index

ffirst,flast
ffirst = first wavenumber
flast = last wavenumber

Logical*4 MULTI flag for multifiles

D.2.2 Subroutine NEXT JN

Function: reads in the next subfile
Subroutine next_in(spec,NPTS,luspc,MULTI,fscal)

Optional :: fscal

Integer*4 luspc,NPTS
luspc = Logical Unit for I/O operations
NPTS

= # of points in the spectrum

Integer*1 fscal
Exponential scaling index;
ignored for multifiles
Real*8 spec(NPTS)

Array for storing input spectrum
Logical*4 MULTI
multifile flag; determines whether "fscal"
will be used for normalising the spectrum
Uses the header file GMS_ALT.H
D.3 GRMSOUT2.FOR

This file contains the SPC output routine grmsout and a supporting subroutine "fsc
This routine makes use of the function "fscale", which in turn makes use of the subroutine
"extreme". The X-axis is presumed to have units of cm**-l

D.3.1 Subroutine GRMSOUT
Subroutine grmsout (spec, npts, siglo, sighi, res, iytype,
isub, title, spcfil, luspc)

Makes use of the following subrouts/functions ::
extreme(spec,npts,ymax,ymin)
Integer*l function fscale(spec,npts)

Integer*4 NPTS,ISUB,luspc
NPTS = # of points in the spectrum (array)
ISUB = Sub-file # of the output spectrum
luspc = Logical Unit for I/O

Integer*1 iytype
Units for Y-axis: 0 Arbitrary intensity
1

Transmission

2

Absorbance

Real*8 spec(npts)

Array (spectrum) to be output

Real*8 siglo, sighi, res

siglo = first wavenumber

sighi = last wavenumber
res

= instrument resolution

Character*128 title

Comment line

Character*256 spcfil

Path & name of output file

Uses the header file GRMSOUT.H

D.3.2 Function FSCALE

This function returns the "fscale" value needed by GRMSOUT to store t
the G R A M S scaled integer format, (fversn = 4Bh)
Integer*l Function fscale(spec,npts)

Integer*4 npts # of points in the argument array
Real*8

spec(npts)

spectrum

D.4 EXTREME.FOR

This routine returns the extreme values of a given array.
Subroutine extreme(in_array,NPTS,maxy,miny)

integer*4 NPTS # of points in array
Real*8 maxy,miny,in_array(NPTS)
maxy = maximum value in array
miny = minimum value in array
in_array = input array

D.5 CRMUL.FOR

This subroutine performs a complex multiplication on two arrays and s
thefirstarray. The arrays are presumed to have complex numbers packed in the format
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used by the DFFTRF routine. A n even number of points (NPTS) must be used and NPTS
must be 8 or greater.
Subroutine crmul (sped, spec2,NPTS)

Integer*4 NPTS # of points in the arrays
Real*8

s p e d (NPTS) , spec2 (NPTS)
sped

: : input & output

spec2 :: input

Uses the header file CRMUL.H

D.6 SHIFTMAX.FOR

This subroutine shifts the points in an array.
Subroutine shiftmax (spec, npts, old_max, new_max)

Integer*4 npts # of points in the array
Integer*4 old_max

old index of maximum

Integer*4 new_max

new index of maximum

Real*8

spec(NPTS)

the spectrum

D.7 ILSYNTH.FOR

This file contains a routine that calculates the expected instrument
given various parameters.
Subroutine synth_ils(spec, NPTS, nuO, p_space, res, theta,
foc_len, beta, psi, fapod, iapod, scomp)

Real*8 spec(NPTS) output spectrum
Integer*4 NPTS

# of points in the spectrum

Real*8

central wavelength

nuO
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Real*8

p_space

point spacing of spec()

Real*8

res

resolution

Real*8

theta

aperture diameter

Real*8

foc_len

Real*8

beta

aperture offset

Real*8

psi

residual phase error

Real*8

fapod

effective apod" parameter

(1/MaxOPD)

collimator focal length

Integer*4 iapod

apodisation function

(same as MALT)

Logical*4 scomp

optional shift compensation flag;

default is .true. If defined as .false. , the output
spectrum will be shifted to lower wavenumbers.
(No compensation.) Otherwise, the spectral shift due to
the non-zero aperture size is compensated for.

This routine makes use of SHIFTMAX.FOR and the header file ILSYNTH.H

D.8 APODISE1.FOR

This routine convolves an input monochromatic spectrum with the calcu
lineshape and saves the result to thefilespecified. Afilemust also be specified for
determining the output point spacing. The input spectrum must have equal X-spacing
and can have only the following Y-units: arbitrary intensity, transmittance, or base_10
absorbance.
Subroutine apodise(in_file,out_file,ptspc_file,theta,beta,
psi,fapod,res,foc_len,iapod,scomp)

Character*256 in_file input monochromatic spectrum
Character*256 out_file

output spectrum

Character*256 ptspc_file
file to match output point spacing
Real*8

theta

aperture diameter
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Real*8

beta

aperture shift (mm)

Real*8

psi

residual phase error

Real*8

fapod

linear modulation loss

Real*8

res

instrument resolution

Real*8

foc__len

Integer*4

iapod

apodisation function (as in MALT)

Logical*4

scomp

optional shift compensation flag

(radians)

(l/OPDmax)

collimator focal length

default is .true.
If defined as

.false

the output spectrum will

be shifted to lower wavenumbers.

(No compensation.)

Otherwise, the spectral shift due to the non-zero
aperture size is compensated for.

The following programs are needed by the subroutine: crmul.for, crmul.h, extreme.for,
grmsin2.for, grmsin2.h, gms_alt.for, gms_alt.h, grmsout2.for, grms_out.h, ilsynth.for,
synth.h, shiftenax.for.
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Appendix E
CD GUIDE

The basic file structure for the C D follows. Consult Appendix C for more information
on the functions of programs listed here.
\thesis
\thesis.pdf

(electronic copy of this thesis)

\software (executables and source code)
\Grams (Files essential to the Fourier
deconvolution routine)
\Malt32.ab (Utility for generating MALT32
inputs)
\GetILS (Array Basic components of the
Fourier deconvolution routine)
Main program
\getils5.ab
subroutine
\decspec7.abh
subroutine
\ilsynth.abh
subroutine
\Kcalc2.abh
subroutine
\Kcustom.abh
subroutine
\Kfit2.abh
subroutine
\Kp2.abh
subroutine
\Rampgen.abh
subrout ine
\Taper2.abh
subroutine
\Zeroils.abh
\execs

(Executable files)
\apodise.exe
\bnr_spc.exe
\convert4 (Opus to Grams/BNR converter)
\convert4.exe : conversion program
Runtime dll,
\vb4 0016.dll
Windows 3.1
Runtime dll,
\vb40032.dll
Windows 95
\convolvl.exe
\f_convert.exe
\ils_3b.exe
\lister.exe
\MALT32.exe

\nllsqils.exe
\pbp2spc.exe
\spc_bnr.exe
\spec_dist.exe
\source (Source code for the executable files)
\apodise\
Source for "apodise.exe"
\bnr_spc\
Source for the BNR to SPC
converter
\CB_Lib\
Useful stand-alone routines
\convert4\
Source for the OPUS to
SPC/BNR converter
\convolv\
Source for "convolvl.exe"
\f_convert\
Source for "f_convert.exe"
\ils_3b\
Source for "ILS_3b.exe"
\lister\
SOurce for "lister.exe"
\nllsqils\
Source for "nllsqils.exe"
\pbp2spc\
Source for "pbp2spc.exe"
\spc_bnr\
Source for the SPC to BNR
converter
\spec_dist\
Source for "spec_dist.exe"
\HBr
\HBr_emp.htr
\HBr_ag.htr

Empirical HBr line parameters
Analytical HBR line parameters
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